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ABSTRACT
The work described in this thesis has been concerned with the synthesis and characterisation of 
novel precursors for the growth of thin silver films via aerosol assisted chemical vapour 
deposition. Four classes of compounds have been investigated; silver carboxylates and their 
phosphine adducts, silver fluorocarboxylates and their phosphine adducts, silver p-diketonate 
phosphine adducts and organometallic silver compounds.
Chapter One - INTRODUCTION - provides a discussion of both the applications of thin silver 
films and current fabrication techniques. The chapter subsequently introduces chemical vapour 
deposition (CVD) with particular reference to metal CVD, followed by a survey of reports of 
silver CVD in the literature. A brief summary of silver(I) chemistry is also included to provide 
a basis for the structural discussions of later chapters.
Chapter Two - SILVER CARBOXYLATES - details the synthesis and characterisation of a range 
of silver carboxylates and their phosphine adducts, the strategy being to influence the molecular 
structure by variation of both the carboxylate and phosphine ligands. Compounds have been 
characterised by IR, *H, 13C , 31P and 109Ag NMR, thermal analysis techniques (TGA) and mass 
spectrometry [FAB(LSIMS)]. The structure of [Ag02CMe(PPh3)2] as determined by single 
crystal XRD is also described. These compounds have been screened for use as precursors for 
the CVD of silver by aerosol assisted techniques, films grown have been characterised with 
respect to SEM, EDXS, reflectivity and conductivity.
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Chapter Three - SILVER FLUOROCARBOXYLATES - describes the synthesis of a number of 
silver fluorocarboxylates with an increasing chain length and the preparation of their 
bis(triphenylphosphine) adducts. These compounds have been characterised using IR, *11,13C, 
19F, 31P and 109Ag NMR, thermal analysis techniques (TGA, DSC) and mass spectrometry 
[FAB(LSIMS)]. The molecular structure of [AgC^CCsF^PPl^] as determined by single 
crystal XRD is also described. Films grown from these precursors have been characterised with 
respect to SEM, EDXS, reflectivity and conductivity.
Chapter Four - SILVER p-DKETONATES - describes the synthesis and characterisation of a 
range of silver p-diketonate phosphine adducts. Additionally two silver p-ketoiminate 
phosphine adducts have also been prepared. Compounds have been subject to characterisation 
by IR, 1H, 13C, 19F, 31P and 109Ag NMR, thermal analysis (TGA, DSC) and mass spectrometry 
[FAB(LSIMS)]. The molecular structure of [Ag(hfac)(PPh3)] as determined by single crystal 
XRD is also discussed. Coatings grown from these precursors have been characterised by 
SEM, EDXS, reflectivity and conductivity. A number have been additionally characterised by 
High Resolution SEM and Auger depth profiling analysis.
Chapter Five - 0RGANOMETALLIC SILVER COMPOUNDS - details the synthesis of (2 -  
dimethylaminomethyl)phenyl}silver(I) and its characterisation by IR, and 13C NMR, mass 
spectrometry [FAB(LSIMS)] and single crystal XRD. Its molecular structure is discussed and 
its film growth properties are reported. This compound was found to react with trace quantities 
of dimethylsiloxane polymer in the presence of triphenylphosphine to yield a unique silver 
siloxide cluster. This novel decomposition product has been characterised by IR, ]H, 13C, 29Si 
and31P NMR, mass spectrometry [FAB(LSIMS)] and its structure elucidated by single crystal 
XRD.
A brief conclusion is included to draw comparisons between the four classes of compounds 
with respect to their potential as CVD precursors, comparisons include film growth properties, 
ease of preparation and stability considerations.
Appendices provided contain brief summaries of some of the techniques widely used in this 
work, namely 109Ag NMR, FAB mass spectrometry and EDXS. X-ray crystallographic data 
tables are collected in Appendix Four A4.1 to A4.5. Details concerning instrumentation, film 
growth equipment and procedures are provided in Appendices Five and Six. Appendix Seven 
lists further reflectivity data. A numerical list of compounds is provided in Appendix Eight.
vi
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21.1 APPLICATIONS FOR THIN FILMS OF SILVER
Thin films of silver have a variety of useful properties and a corresponding range of potential 
industrial applications (Figure 1-1). The specular properties give rise not only to mirror 
applications, but also the ability to optically tailor glass by means of transparent films. As the 
most conductive metal, silver has obvious potential uses in the microelectronics industry as 
electrical contacts. Soft metal films, including silver, are seen as potential lubricants for high 
temperature ceramic engines, and there has been recent research regarding the use of silver 
films as permeable membranes in gas separation processes.
Thin silver films
solar conti- .
mirrors gas separation 
membranes




Figure 1-1 Applications for thin films of silver
Each of these applications involves an emphasis on particular film properties. Each may also 
impose constraints in the fabrication process, for example the film may need to be formed 
within a particular temperature range, or on a particular substrate. The ability to grow thin
3silver films with tailored properties within these imposed constraints will be the key factor in 
utilising this technology.
1.1.1 Optical applications
Thin metal films were probably first systematically prepared by Faraday using wet 
electrochemical methods. Until the 1960’s research was driven primarily by an interest in the 
optical applications of thin metal films including mirrors, anti-reflection coatings for lenses, 
multi-layer interference filters, car headlights and decorative coatings. In the production of 
silver mirrors, wet chemical techniques - chemical reduction, electroless plating (autocatalytic 
chemical reduction) and electrodeposition - have long been the chosen fabrication method. A 
brief description of these methods is given here because of their current importance in the 
production of silver mirrors, where wet methods are invariably used. For a more detailed 
discussion the reader is directed to references given. ’’2
In the chemical reduction process, the substrate is contacted by a mixture of solutions, 
containing a silver salt and a reducing agent, chemical reduction of the silver salt to silver metal 
resulting in a coating formed on the substrate. This method is many years old and a large 
number of suitable reducing agents are known including sucrose, Rochelle’s salt 
[KNa(tartrate).4H20], formaldehyde and hydrazine. The electroless plating method similarly 
relies on the reaction of a metallic salt with a reducing agent, but in this case the deposition 
only occurs at catalytic sites on the substrate. Once underway, previously deposited metal acts 
as a catalyst to further plate the substrate, and this is the basis for the description as 
‘autocatalytic’. The process of depositing a metal film upon an electrode by electrolysis is
4known as electrodeposition. By applying a potential difference across a solution containing the 
silver salt, metal is deposited on the cathode, the rate of deposition being directly proportional 
to the current that passes through the system.
In the higher technology area of solar energy applications, the very high reflectivity of silver 
makes it a prime candidate for concentrating solar energy. Silver has a  solar weighted 
reflectance of approximately 97%, aluminium about 92% (in vacuum), all other materials have 
a reflectivity of less than 83%.3 There is a considerable loss in optical properties when mirrors 
are formed using the conventional wet chemical electroless method, degradation occurring in 
some cases after a few months.1 In addition, in a terrestrial environment, the reflectivity can 
degrade due to agglomeration and the formation of sulphides and chlorides. Problems also exist 
with diffusion between component layers and delamination from the substrate. Since the 
lifetime of these mirrors may be limited by the fabrication techniques employed and their 
reflectivity by trace impurities and surface morphology, novel processes for producing silver 
mirrors are of interest.
There has been considerable recent interest in the development of non-glass supported mirrors. 
Metallized flexible polymer based reflectors are potentially much lighter and cheaper than the 
silver-glass combination. 4’5 Such materials are very important in the aerospace industry, where 
they have the added advantage of ease of fabrication as curved objects.
Thin films are known to have a number of useful properties when fabricated onto a glass 
substrate.6’7 The ability to effectively control reflection and transmission of light from or 
through a glass sheet is an attractive prospect, with considerable economic gains. A thin film 
that allows visible light to transmit through glass while reflecting infra-red radiation can
5dramatically reduce air conditioning costs for large buildings in hot climates. For example, 
IROX ® TiCF/Pd coated architectural glass is often quoted as state of the art in this respect, 
T i02 controlling the reflectivity and the palladium providing the desired absorption control.8 
Recent patents describe the use of very thin silver films (~10 nm) between ITO or Ta2Os films 
(35-80 nm) on glass for optical tailoring. This combination is reflective to IR (Infra-red) and 
microwave radiation but transparent to electromagnetic radiation in the visible light region.911
1.1.2 Microelectronics applications
Interconnects in semiconductor devices provide a conductive path within a three dimensional 




Figure 1-2 Simplified schematic representation of
Integrated Circuit (IC) architecture
An aluminium alloy (4% wt Cu, 1.7% wt Si) is used as the workhorse material for current 
interconnect schemes in silicon devices. These designs are fabricated using a sputtering 
process, where the metallisation occurs when the interconnect material is ballistically projected
6at the substrate. A physical line-of-sight process such as this has inherent limitations, 
incomplete step coverage and difficulty in filling high aspect ratio contact and via holes.
Interconnect dimensions are constantly being reduced due to the pressure for higher speed 
devices in a smaller volume at a lower cost. It has been estimated that by the year 2001, 
devices of 0.25 jam dimensions will be wired with five or more layers.12 Such a massive 
reduction in device size and consequently interconnect size has compounded limitations with 
aluminium metallisation schemes. Electromigration and hillock formation are particular 
problems at high current densities. 13 Additionally, with an alloy resistance of ~3-4 jaQcm, 
interconnects are prone to crosstalk, interference, capacitance resistance and heat generation.
Among possible replacements for aluminium alloy, are tungsten (~5.7 pQcm) which has a high 
resistance to electromigration and copper (~1.7 juDcm), consequently a considerable level of 
CVD technology has been developed with regard to these metals. 14 Tungsten is already used in 
particular roles within silicon devices, notably as vertical interconnects (vias) and copper is 
widely regarded as the successor to aluminium in next-generation semiconductors. Gold (~2.2 
pQcm) is already used as a complete substitute for aluminium in the more expensive GaAs 
devices.
With such a low resistivity (1.59 jaQcm) silver is potentially very useful in high-speed and 
specialist applications in semiconductor devices. With respect to silicon devices however, rapid 
diffusion of silver into a variety of materials (significantly Si and Si02) and its ability to be 
corroded 15 has limited its applications but advances in barrier technology have already 
alleviated similar problems with copper interconnect schemes. Silver, silver-palladium and
7silver-platinum thick film conductors have found a variety of uses in electronics packaging 16 
and sputtered silver electrical contacts have been discussed in the literature.17
The disadvantages suffered by silver deposited by physical techniques has resulted in interest in 
being able to develop fabrication methods where surfaces can be metallized irrespective of 
orientation. Deposition from a volatile precursor in the vapour phase will simultaneously coat 
all surfaces where conditions for film growth are satisfied, this technique being widely referred 
to as Chemical Vapour Deposition (CVD). Silver films grown for interconnect schemes via 
CVD will require a high degree of conformal coverage (i.e. films of uniform thickness that 
follow the contours of the surface of the substrate), with very low levels of impurities. Such a 
scheme would have to deposit silver within constraints of the fabrication process, ideally at 
temperatures below 350°C.
Silver has also found several specific applications in superconducting devices where it remains 
highly attractive as a substrate for the growth of superconducting films via CVD, as electrical 
contacts, passivation barriers, and as a beneficial dopant in many materials. There are 
significant problems in finding a substrate for superconducting devices grown by CVD. This is 
largely due to a destructive chemical interaction between substrate and film, and the migration 
of substrate atoms into the superconductor (particularly at the required high processing 
temperatures). Such interaction inevitably leads to a reduction in device performance.
Metallic silver however appears unique in this respect, having excellent compatibility with high 
Tc materials with good bonding properties 18 and excellent conductivity both thermal and 
electrical. Recent research has shown the feasibility of fabricating superconducting wires using 
this technology. 19 Firstly, a deposited silver film acts as a passivation layer to limit interactions
8between the flexible ceramic fibre support and superconductor, and to act as a substrate for 
the superconducting element. A second silver film is deposited over the superconductor to act 
as an electrical contact. The passivation layer was found to successfully limit interactions 
between the A120 3 and superconducting YBCO (Y-Ba-Cu-O) components where barium 
aluminate has been found to form.
Contamination of the superconducting material itself by silver is not problematic, in contrast to 
gold or the platinum group metals.20 Indeed silver has been found to be an attractive dopant in 
high Tc superconductors because it promotes crystallisation and c-axis orientation, strengthens 
intergranular coupling and improves surface morphology.21 Compared to undoped materials, 
doping of both YBCO 22,23 and BSCCO (Ba-Sr-Ca-Cu-O)20 materials results in greatly 
reduced normal resistivities and enhanced Tc and Jc (the critical current density). With -10%  
wt Ag in YBCO ceramics Jc enhancement is of the order of 50%, from Jc~450 to 700 A cm"2 at 
77 K. It is suggested that Ag fills the intergranular space without substituting Cu within the 
YBaCuO grains.24 A similar doping technique has recently been attempted using the TBCCO 
(Tl-Ba-Ca-Cu-O) 25,26 and the BPSCCO (Bi-Pb-Sr-Ca-Cu-O)27 superconductor materials.
As with interconnect applications, purity of the silver film is likely to prove very important. 
Phosphorus and sulphur impurities are particularly undesirable, as they may be prone to 
oxidation, if migration of phosphate and sulphate into the superconductor occurs then 
superconducting properties are likely to be diminished.
91.1.3 Other applications
Soft metal films (including silver) are seen as possible lubricants for high temperature, high 
efficiency and ceramic engines. In advanced transport systems, advanced heat engines and 
space technology there is a need for lubrication systems that can operate in high temperature, 
corrosive or vacuum environments. Conventional liquid oil based systems are limited by the 
thermal stability of the oils and have a relatively low operating temperature (less than 
350°C).28
Solid silver films have a low shear strength, high chemical inertness, high thermal conductivity 
and a moderately high melting point (962°C). Silver is ideally placed to provide solid film 
based lubrication systems, either as a metal film or part of a multi-component system. Silver - 
alkaline earth metal fluoride composites can act as lubricants from room temperature to 
900°C.29
As lubricants, critical properties of the films are surface quality, porosity, tribological (wear, 
friction and lubricant) properties and substrate adhesion. Coating life in these applications is 
largely determined by delamination, but it is known that film adhesion may be increased by the 
use of ion bombardment during deposition,30 or by the use of intermediate bond layers such as 
Cu, Cr, T i.31
Silver films used in lubrication studies have been grown by physical methods, ion-beam 
assisted deposition (IBAD),30 sputtering,31,32 and laser surface cladding.33 Chemical vapour 
deposition is an ideal method for producing uniform films on three dimensional substrates with 
complex topographies, an advantage over physical deposition methods. Deposition
10
temperatures for these applications need not be low as the substrates themselves will have a 
high thermal stability.
Silver is well known to be more permeable to oxygen than other gases and this has led to recent 
research into its use in gas permeable membranes.34 The transport of oxygen through silver in 
such a system is thought to proceed through a sequence of steps; dissociative adsorption of 
molecular oxygen on a higher pressure upstream surface, dissolution of the silver into the bulk 
and its migration through octahedral sites or defects, and finally recombination and desorption 
at a very low pressure downstream surface. The rate of transfer of oxygen can be increased by 
glow discharge technology and the permeation of gases through membranes is known to be 
increased by reducing film thickness.35
Similarly a commercial hydrogen purification process using palladium-silver alloy tubes has 
been in use for many years at the small to medium scale level.36 Permeation rates can be 
increased by decreasing the film thickness, and forming films on an inorganic porous substrate. 
Recent work has shown the feasibility of spray pyrolysis, to grow such thin films35 on a porous 
alumina hollow fibre support. A chemical vapour deposition method for producing these films 
is ideally placed to provide a thin uniform coating to such supports.
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1.2 VAPOUR DEPOSITION ROUTES TO THIN METAL FILMS
Thin metal films have traditionally been grown by a range of different techniques. Wet 
chemical and electrochemical deposition solution methods have long been important in the 
manufacture of mirrors (Section 1.1.1), however there also exists interest in the formation of 
silver films from other solution3’37,38 and solid techniques,39-41 and vapour techniques in cases 
where more subtle control is required. These vapour techniques can be subdivided according to 
whether the film growth is based on a physical or chemical process; i.e. Physical Vapour 
Deposition (PVD) or Chemical Vapour Deposition (CVD).
1.2.1 Physical Vapour Deposition
The PVD of silver is relatively well developed, being generally accomplished by evaporation 42 
or sputtering. 43,44 In the evaporation process, material to be deposited is heated in a high 
vacuum (typically 10'7 Torr). Heating is carried out using an electron beam or by induction to 
create an area of molten metal in a crucible near the substrate. Metal atoms condense on the 
substrate to form high purity films. In the past, evaporation has been used as a major method 
for aluminium PVD in integrated-circuit fabrication, however this technique cannot easily be 
adapted for alloys and this has been the main reason for interest in sputtering.
In sputtering a target of the material to be deposited is bombarded by high energy ions created 
from a glow discharge. This bombardment results in the dislodging of atoms which ballistically 
transport to the substrate where they condense to form the film. Various additional techniques
12
have been developed to increase growth rates for sputtering, the basic principle however 
remains the same. Sputtering has enjoyed large scale use in the semiconductor industry where 
many materials (including A1 alloy interconnects) are deposited by the technique.
Sputtering and to some extent evaporation are limited in many applications due to their 
inability to cover a three dimensional surface with a uniform thickness of film. As essentially 
line-of-sight processes, PVD techniques are inefficient at providing conformal step coverage, at 
filling high aspect ratio (deep and narrow) trenches and vias. Bias sputtering has in recent years 
been used to significantly enhance step coverage, the process resputters material that has 
already been deposited and via a number of routes enhances step coverage.
1.2.2 Chemical Vapour Deposition
The CVD technique differs from PVD in that it relies on a chemical reaction to produce the 
target material in situ, either at or near a substrate interface. At its simplest CVD requires the 
transport of a volatile precursor (containing the target element) to a reaction zone where 
deposition takes place. Deposition occurs when a reaction allows the precursor to decompose to 
yield the target element. The decomposition is brought about by the use of thermal energy in a 
variety of forms, generally by heating the substrate, or in a few cases by heating the gas. The 
chemical reactions involved are often of a complex mixture and may be based on pyrolysis, 
reduction, oxidation, disproportionation or hydrolysis pathways.
CVD was used as early as the 1880’s for the production of carbon filaments for the 
incandescent lamp industry. 45 The Mond process is however the best known early example of
13
CVD technology used in industry. The discovery of nickel tetracarbonyl in 1890 by Langer and 
Mond led to its use as a precursor in the refining of nickel on an industrial scale.46 In the Mond 
process, nickel ore is reacted with CO at 50°C and vaporised. After transportation to a 
deposition zone, decomposition at 180°C occurs to give pure nickel metal (Eqn 1-1).
Ni(CO)4 1 -:::;" *: Ni(s) + 4CO (1-1)
1.2.2.1 CVD mechanisms
Figure 1-3 schematically represents a minimum number of steps required to describe a 
fundamental thermal CVD process for a metal deposited from a metal-organic precursor.
a) mass transport o f  precursor to the deposition zone
b) possible gas phase reactions which may lead to species more involved or less 
involved in the deposition process.
c) transport o f  precursors to the substrate surface where adsorption occurs.
d) reaction o f  the adsorbed species to generate the desired material and organic by­
products.
e) desorption o f  organic species away from the surface.
f)  surface diffusion o f  the adsorbed metal to growth sites and incorporation into the 
film.
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Figure 1-3 Schematic representation of the thermal CVD of metals
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At or near atmospheric pressures, a gaseous boundary layer forms across the film growth area 
where physical conditions differ dramatically from the bulk vapour. 47 Species diffuse through 
this boundary layer in order to take part in the deposition (c). Similarly by-products have to 
transverse the boundary layer before being pumped or swept out of the deposition zone (e).
The relative rates of gas mass-transport and surface reactions are important because either can 
be rate limiting. At a high enough temperature, surface reaction rates exceed the rate at which 
material is delivered. This results in a mass-transport limited process. If the mass-transport is 
sufficiently fast then the growth rate is dictated by surface reaction kinetics, these kinetics 
increasing with temperature according to the Arrhenius expression. In particular cases, the 
point at which CVD schemes become mass-transport or surface reaction limited depends on 
parameters peculiar to each individual system, dependent on precursor delivery system type, 
gas flow conditions, and the activation energies for the decomposition.
Gas phase reactions have a direct influence on the growth and quality of the film (b). The 
precursor may decompose to give active species in situ that are responsible for the film growth, 
or inactive species retarding the film growth (pre-reaction) and sometimes contaminating the 
growing film. As the deposition temperature and the partial pressure of precursor are increased, 
these problems are exaggerated, gas phase reactions can predominate resulting in poor film 
quality, primarily due to nucleation in the gas-phase. Such problems are further compounded in 
cases where more than one precursor is involved, for example in the formation of TiN using 
TiCU and NH3. Very little is currently understood about pre-reaction in the gas-phase. A 
significant amount of work has been carried out on S i02 systems for semi-conductor 
CVD 48 50 but relatively little involving the pre-reaction of organometallic species.51-52 It is
16
probably the case that there is a complex set of interacting pathways with competing reaction 
schemes involved.
Adsorption-desorption processes may be regarded as dynamic in equilibrium. If reaction of 
adsorbed species (d) is incomplete or if desorption of by-products (e) is incomplete, impurities 
will be trapped inside the growing film. This can have serious consequences for film quality. 
Metal-organic precursors should ideally have facile and clean decomposition pathways to 
enable stable by-products to leave the surface without further decomposition (e). If a clean 
decomposition pathway is not available, complex mixtures of hydrocarbons or organic species 
will find themselves at the surface. Of particular problems are individual atoms, for example 
elemental carbon which will not be so readily desorbed.
1.2.2.2 Film growth mechanisms
Film growth takes place when adsorbed atoms agglomerate together on the substrate surface 
[Figure 1-3, (f)], individual atoms can be fairly mobile upon the surface and this mobility is 
dependent on a number of factors including substrate temperature. The mechanism of film 
growth can be of three principal types (Figure 1-4). The type that occurs within a particular 
system will depend on thermodynamic and kinetic considerations in decomposition and crystal 
growth, and by the interaction between the film and the substrate.
In layer-by-layer or Franck-van der Merwe film growth, a complete monolayer forms across 
the substrate which is then covered by succeeding layers. In some cases subsequent layers can 
begin to grow before lower layers are complete. This layer-by-layer growth can be promoted
layer - by - layer (Franck - van der Merwe) growth
b)
layer - plus - island (Stranski - Kastanov) growth
c)
island (Volmer - Weber) growth
Figure 1-4 Modes of film growth in CVD
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where growth rates are low at a high temperature (growth is mass-transport limited). In this 
case surface diffusion rates are far higher than the incoming flux of atoms, thus allowing metal 
atoms to diffuse quickly through to the growth site and incorporate into the film to give 
crystalline growth. Examples of layer-by-layer growth include that of the PVD of silver on gold 
surfaces.
Island growth normally occurs when film atoms are more strongly bound to each other than to 
the substrate. In this island or Volmer-Weber growth, initial nucleation occurs at nucleation 
sites on the substrate and subsequent deposition occurs at these sites forming islands. These 
islands eventually coalesce to give at best a microcrystalline and at worst an amorphous film.
In addition this growth mode will result in a very rough surface as well as voids and pockets 
inside the film where islands have coalesced.
A final growth mode is the Stranski-Kastanov or layer-plus-island. In this case initially layer 
growth occurs, however at a certain point - after several layers - island growth starts to 
predominate. The reasons for this are still not very clear, although it is known that an important 
factor in determining the mode of film growth is the molecular orientation of adsorbed 
precursor molecules. The layer-plus-island growth mode is highly dependent on the substrate 
and often forms highly strained intermediate monolayers, on which islands start to form. This 
mode of growth has been investigated in the case of silver on tungsten surfaces by a 
consideration of adsorption energies involved in the growth process. The work suggests that 
island growth predominates at around the third monolayer and this has been confirmed by 
scanning electron microscopy (SEM) and Auger electron spectroscopy (AES).53 Similarly 
epitaxial grown films of silver on Si, GaAs and Pt are believed to grow via layer-by-layer or 
layer-plus-island modes.54,55
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For more detailed discussions of film growth processes, the reader is directed to further 
references.56,57 Recent work outlines an attempt to model the morphology of film growth by 
means of competing processes of film growth and surface diffusion to determine surface 
morphology quality.58
1.2.2.3 Advantages o f CVD
Chemical vapour deposition has significant advantages over traditional deposition techniques. 
High purity, superior quality uniform films can be formed easily. In contrast to PVD, CVD 
does not suffer from line-of-sight limitations. Film growth on the substrate is restricted only by 
the diffusion of precursors to the substrate. As an illustration, blanket copper CVD carried out 
on overhanging test structures (Figure 1-5) showed outstanding conformality with no apparent 
thinning on the inside of the polysilicon structure.59 SEM work revealed that copper deposition 
occurred even in the deepest comers of the structure, at growth rates as high as 1200 A min'1. 
Such film growth on complex structures would not be possible with conventional methods.
CVD technology exhibits a great deal of kinetic deposition control. As deposition can be 
controlled by the surface chemistry of the substrate-precursor pair, selective area and pattern 
deposition becomes a possibility. In advanced systems this may reduce the potential number of 
steps required in fabricating complex electronic structures.
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3000A polysilicon film deposited copper
Figure 1-5 Overhanging test structure for blanket Cu CVD.59
In contrast to PVD, CVD processes are found at much reduced deposition temperatures This 
has major advantages in electronics where many steps are involved in the fabrication process. 
At high processing temperatures, migration of materials becomes a serious problem, indeed 
barrier layers are often needed. The use of lower temperature CVD methods increases the 
control at interfaces, reduces migration and leaves sharp boundary features. CVD also has the 
advantage of no radiation damage to previously fabricated layers. Finally CVD has been 
successfully scaled up to industrial levels in many cases. All surfaces may be coated 
simultaneously where the substrate is in a region of sufficient partial pressure, increasing 
industrial throughput.
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1.2.2.4 Pre-requisites fo r CVD precursors
Given the advantages of CVD over other techniques, interest in developing these processes is 
now at a high level. However, with quality limitations of the film, purity, morphology, 
reflectivity, crystallinity, etc. CVD can only provide the desired end product if a suitable 
precursor can be found. This provides the synthetic chemist with a challenge to develop 
potential precursor chemistries and provide precursor molecules with die desired properties.
In order for a precursor to be practical for thermal CVD, precursor decomposition pathways 
should proceed both cleanly and at reasonable rates. This imposes fundamental constraints on 
precursor design. It should have reasonable volatility at temperatures within limits imposed by 
the substrate and the fabrication process, a vapour pressure of ~10 Torr at 20-50°C being 
generally considered sufficient. In thermal CVD, precursor volatilisation generally occurs in a 
heated bubbler assembly where diluent gases are passed over or through precursor material. 
The precursor needs to be thermally stable over extended periods in the temperature range at 
which it exhibits reasonable volatility. In addition, precursors which achieve a liquid phase at 
this temperature are often favoured due to the potential of keeping the surface area constant 
within the bubbler.
Once in the gas-phase, the molecules should be stable at elevated temperatures, and not pre­
react or decompose until the deposition zone is reached as this may result in particle formation 
and surface contamination. Decomposition routes should be clean and facile, the metal-ligand 
bonds being cleaved readily and the free ligand relatively stable. The organic by-products 
themselves should ideally be chemically unreactive, thermally stable, volatile and desorb 
readily following surface reactions.
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1.2.2.5 Specialised CVD techniques
For practical thermal CVD, precursors are sometimes not readily identifiable (this is the case 
for silver). In these instances, a number of techniques have been developed that can exploit less 
than perfect precursors. These techniques can alter the mode of activation of the 
decomposition, as in Laser Assisted CVD (LACVD) and Plasma Enhanced CVD (PECVD), or 
alternatively can utilise precursors with limited volatility, as in Low Pressure CVD (LPCVD) 
or Aerosol Assisted CVD (AACVD).
In Laser Assisted Chemical Vapour Deposition (LACVD), the substrate is heated by means of 
a laser beam. Deposition will only take place in the vicinity of the laser beam heating the 
substrate. By moving the laser, fine lines can be written directly to the substrate, thus allowing 
the possibility of selective area deposition. The writing of lines using LACVD has obvious 
applications in the microelectronics industry. As a potentially low temperature deposition 
method, complex temperature sensitive substrates may be used. In addition, lithographic steps 
may be avoided as this becomes an essentially selective deposition technique. Using this method 
the repair of interconnects on integrated circuits (IC) becomes possible and indeed, the LACVD 
of gold for circuit repair has already been incorporated into fabrication processes.15
The laser can promote deposition in a number of ways. 1) Photons may activate the precursor 
molecules in the gas phase (gas-phase photolysis). 2) Precursor molecules may be activated by 
photons while in an adsorbed state. 3) Photons may activate growth sites on the surface of the 
substrate. 4) The laser beam may act in the same way as a thermal heat source localised in a 
small region.
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Plasma Enhanced Chemical Vapour Deposition (PECVD) is another example of a potentially 
low temperature deposition method. PECVD techniques in general operate at around 200- 
300°C or below. High energy electrons are produced (usually) by a glow discharge in the 
vapour above the substrate. These high energy electrons collide inelastically with precursor 
molecules to produce active radical and ionic species. The electrons can activate almost any 
reaction without the need for subjecting the bulk of the vapour to high temperatures. Therefore 
this again becomes significant for temperature sensitive substrates and substrate-film 
combinations with mismatched thermal expansion coefficients.
Another effect of the glow discharge is to bathe the substrate in a flux of high energy particles, 
having the effect of radically altering the surface chemistry during deposition. Because of this, 
films grown by PECVD may be very different to those grown by thermal CVD and may 
possess special properties. However PECVD, despite high growth rates, also possesses 
disadvantages. Pure films are difficult to obtain, desorption of by-products is particularly slow 
(due in part to lower temperatures) and impurities can therefore be significant. A number of 
references include more detailed discussions.60,61
Normal thermal CVD is generally carried out at atmospheric pressures but by decreasing the 
total pressure in the system however, partial pressures of relatively involatile precursors may 
become more significant. In Low Pressure Chemical Vapour Deposition (LPCVD) different 
physical processes become significant. Diffusion of precursor to the surface becomes far easier 
as the boundary-layer effect is less important. Growth rates become limited by the rate of the 
surface reaction rather than mass-transfer. Desorption of by-products becomes much easier. 
Films have improved uniform thickness and properties, better step coverage and conformality,
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and superior structural integrity. A good example of this on an industrial scale is the deposition 
of Si from silane (SiHU) at 600-650 °C.
Large areas of substrate can be coated simultaneously with good uniformity due to the large 
diffusion coefficient where the mean free path of molecules is increased. Similarly, because 
inter-molecular collisions are reduced, so is the extent of pre-reaction. In low pressure reactors, 
dilution gases are not required, hence reaction rates are generally only an order of magnitude 
less than atmospheric pressure CVD.
A recent development in the field of CVD, and one of particular importance to this work is that 
of Aerosol Assisted Chemical Vapour Deposition (AACVD). AACVD differs from 
conventional CVD in that precursor delivery is by means of an aerosol of solvent droplets 
containing the precursor in solution. Soluble precursors with limited volatility or thermal 
stability can be introduced directly into the gas phase in the form of an aerosol mist by a 
number of relatively straightforward routes. Once in the gas stream, the mist of fine droplets is 
transported to the deposition zone by means of the diluting sweep gas. During this transport, 
solvent evaporates from the mist, either completely or partially (sometimes by means of heated 
gas lines), to deliver precursor in the vapour phase. Chemical vapour deposition can then take 
place in a conventional manner with the added complication of solvent molecules. AACVD can 
be readily distinguished from spray pyrolysis (another similar form of liquid droplet delivery) 
where a precursor dissolved in solvent is sprayed onto a heated substrate. In this case solvent 
evaporation and reaction occurs on the surface. This is distinct from CVD where gas-phase 
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Figure 1-6 Film formation from aerosol routes; spray pyrolysis and aerosol assisted CVD,
ML - precursor, containing metal (M) and ligand (L). S - solvent.
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The method of nebulisation (atomisation) is an important step. Several techniques exist with 
individual advantages and disadvantages. The method employed will determine the production 
rate, size of droplets and the particle size distribution. Three types of aerosol will be discussed 
here, those of pneumatic jet, electrospray and ultrasonic based generators. The three methods 
require differing amounts of development to attain successful industrial scale-up. The latter 
technique was used in this study, construction details being given in Appendix 6-2.
In pneumatic je t nebulisation, a stream of gas is used to atomise the solution into an aerosol. 
The gas also performs the role of carrier-diluent gas, sweeping the aerosol to the reaction zone. 
These generators have been largely developed for medicinal applications where aerosol delivery 
of drugs is an attractive prospect. The units themselves are inexpensive, small plastic 
assemblies, each capable of generating 0.5 cm3 min"1. Plastic units although functional for 
aqueous solutions are however unsuitable for many organic solvents. The droplet size 
(approximately 1-5 pm) can be dependent on gas flow conditions and solution viscosity, the 
polydispersity (a measure of the range of aerosol droplet sizes) can be relatively high (>1.6 
geometric standard deviations)62 in comparison with other techniques.
The electrospray technique uses an electrostatic field to produce droplets. When the surface 
tension of a liquid placed in an electric field balances the electrical force a stable ‘Taylor’ cone 
is formed and this cone emits a stream of droplets. The method was originally developed as a 
‘soft’ mass spectrometry tool ES (Electrospray Ionisation). As with other atomisation 
processes, a major obstacle is the need to scale up throughput to a feasible industrial scale.63 
Finally there remains problems in atomising solvents with high electrical conductivities (e.g. 
aqueous solvent mixtures).
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In ultrasonic nebulisation, the solution is atomised by means of a piezo-electric transducer 
vibrating at very high frequencies (typically 1-2 MHz). The high frequency ultrasonic sound 
waves cause the solution to fountain, and at the tip nebulisation occurs propelling droplets into 
the vapour phase. This technology has been reasonably well developed at small scales for 
humidifiers and drug delivery systems. The equipment can be relatively inexpensive and easy to 
set up in the laboratory. Droplet generation is very uniform with a low polydispersity (1.4 
geometric standard deviations).62
A significant amount of work has been carried out with aerosols for the generation of advanced 
materials and an excellent recent review is available. 64 However much of the CVD related 
work has been concerned with metal oxides and thin film formation via metal AACVD has yet 
to be fully exploited.65
1.3 THE CHEMISTRY OF SILVER
The elements of the Group 11 triad, copper, silver and gold, share the same electronic ground 
state with a single s electron outside a completed d shell. Ionisation energies apart this is where, 
to a large extent, group similarities and trends end. Although silver chemistry can be compared 
in places to copper(I) chemistry, and to a lesser extent gold(I) chemistry, the chemistries are in 
general quite distinct. There is no obvious reason for the lack of group trends, although some 
silver-gold differences have been traced to relativistic effects of 6s electrons in gold.
28
The differences in the chemistry go a long way to explaining why the development of gold 
CVD and the incredible advances of copper CVD have, to a large extent, not been mirrored in 
silver CVD. Further, the chemistry of silver has hindered the development of precursors 
suitable for CVD work. Inorganic silver compounds are polymeric and involatile except under 
extreme conditions. Metal-organic and in particular organometallic compounds are generally 
too thermally unstable to achieve efficient vaporisation and are susceptible to decomposition at 
room temperature via photolysis, hydrolysis and oxidation.
Loss of the single s electron from silver metal atoms leads to the stable Ag(I) oxidation state 
with a d10 electronic configuration. Silver(I) is the most common and widely studied oxidation 
state and has been observed in geometries from two to six. Loss of further electrons from the d 
shell requires more energy and Ag(II) (d9) and Ag(III) (d8) oxidation states are considerably 
less common. These higher oxidation states can be reached by chemical or electrochemical 
oxidation but are thermodynamically and kinetically unstable in aqueous solutions.
Some stability may be imposed on the compounds of higher oxidation states where N-donor 
ligands or fluorine are present and this has led to some discussion in characterising the Ag(II) 
and Ag(III) ions as class A or ‘hard’ Lewis acids. Examples of Ag(II) include [Ag(py)4]2+ 66 
and AgF2, 67 and Ag(III) species can be found in various oxides, 68,69 the [AgF4]' anion70 and a 
variety of compounds containing N-containing macrocycles and cryptates.71 ’72 Silver(II) and 
(III) compounds are often found as either four coordinate (square planar) or six coordinate 
(octahedral and distorted octahedral) complexes. A number of reviews concerning silver in its 
higher oxidation states are available.72 75
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Silver(I) has been classified as a class B or ‘soft’ Lewis acid due to its reactivity and enhanced 
stability with ‘soft’ Lewis bases. With main group donor atoms, better stability is noted with 
phosphorus and sulphur than with nitrogen and oxygen donors. Within Group 15, stabilities 
observed are N«P>As>Sb, and in Group 16, 0«S-Se-T e. Comparative studies suggest 
Group 15 donors achieve more stability than Group 16 donors i.e. P>S>N>0. With halides, 
greater affinity is again seen with softer donors; I>Br>Cl>F. 76
The stabilities of Ag(I) and Ag(II) can be reversed with N4-macrocycles in non-aqueous 
solvents. In such cases Ag(I) compounds disproportionate to Ag(II) and Ag(0) (Eqn 1-2). 
Disproportionation reactions have become an important facile deposition pathway in copper 
CVD, for example copper (I) hexafluoroacetylacetonate disproportionates to copper metal and 
stable, volatile copper (II) hexafluoroacetylacetonate (Eqn 1-3), limiting the incorporation of 
organic by-products into the film. The variety of compounds containing higher oxidation states 
of silver is however modest in comparison to silver(I) chemistry and the use of 
disproportionation decomposition pathways for silver CVD may remain impractical and 
unrealised for some time.
2Ag(l)  ► Ag(0) + Ag(ll) (1-2)
A
2Cu(hfac) ----------------► Cu(0) + Cu(hfac)2 (1-3)
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Historically the co-ordination chemistry of silver has been more extensively developed than 
organometallic chemistry due to the relative instability of the Ag-C bond. Silver chemistry has 
been the basis of photography since the 1800's, and this led to much early research with 
N-donor ligand adducts of silver halides. A short review of the geometries adopted by silver 
coordination compounds is given here to provide a framework for structural discussions found 
in later chapters. Organosilver chemistry is discussed in depth in Chapter Five.
Structurally, silver is known to exist in range of geometries with coordination numbers two 
through six. These geometries rarely exist in the classical ‘text book’ fashion but, and 
particularly for high coordination numbers, often as distorted or indeed heavily distorted 
coordination spheres. Aqueous silver species (particularly with N-donor ligands) of linear 
geometry were first studied in the 1930's. For example, the structure of the [NH3-Ag-NH3]+ ion 
was first elucidated in 1934.77 At that time such linear arrangements were thought to be 
characteristic of silver(I) in general, however since then the chemistry has developed with the 
realisation of more complex structures. Silver(I) structures are in general linear, trigonal or 
(pseudo)tetrahedral, but may be found as highly distorted five- or six- coordinate complexes. 
Typical coordination environments for silver in the +1 oxidation state are listed in Table 1-1.
Molecular orbital studies have attempted to explain linear geometries of copper, silver, gold 
and mercury.78 In these cases it has been suggested that involvement of d electrons is the chief 
cause for such structural features. Hybridisation of the doubly filled dz2 with unoccupied 5s and 
5pzorbitals results in molecular orbitals suitable for linear geometry (Figure 1-7).
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Table 1-1 Typical coordination environments for silver in the +1 oxidation state.
Coordination Geometry Examplesa
Number around Silver
2 linear [NH3-Ag-NH3] \  [Ag(CN)2]', Ag(PR3)Br
3 trigonal Ag(NP3) \  [Ag(PPh3)2Br]
distorted trigonal half of Ag atoms in [Ag(PPh3)I]4 (‘step’)
4 tetrahedral [Ag(PPh3)2Br.CHCI3]2, Ag(dppe)2+
distorted tetrahedral [Ag(PPh3)I]4 (‘cubane’),
half of Ag atoms in [Ag(PPh3)I]4 (‘step’)
5 distorted bipyramidal Ag(PPh3)2(terpy)+
6 octahedral AgF, AgCI, AgBr (NaCI structure)
highly distorted [Ag([15]aneS20 3)]+
octahedral
a PR3 = tris(2,4,6-trimethoxyphenyl)phosphine, NP3 = tris{2-(diphenylphosphino)ethyl}amine, 
dppe = bis(diphenylphosphino)ethane, terpy = 2,2,:6,2”-terpyridine, [15]aneS203 = 1,4,7-trioxa- 
10,13 -dithiacyclopentadecane
Figure 1-7 Hybridisation of dz2, s and pz orbitals resulting
in molecular orbitals suitable for linear geometry. 78
Linear geometry was prevalent in the early structural studies of silver compounds, examples
79 80 81 *including silver cyanide and [Ag(SCN)2] . In more complex coordination compounds, 
molecules tend to aggregate and linearity is less favoured, although the use of bulky ligands 
will hinder oligomerisation. For example 1:1 phosphine adducts of silver halides LAgX (L = 
PR3, X = Cl, Br) generally form cubane’ or ‘step’ type tetramers with halide bridges, however 
the use of the bulky ligand [tris (2,4,6-trimethoxyphenyl)phosphinel favours formation of a 
monomer (Figure 1-8).82 The P-Ag-X angle (0) in each case deviates slightly from linearity (X 
= Cl, 0 = 175.0°; X = Br, 0 = 174.4°), and this has been attributed to interactions between 
silver and nearby ortho-methoxy oxygens.
Figure 1-8 The structure of the 1:1 tris(2,4,6-trimethoxyphenyl)phosphine-silver
bromide adduct as projected down the P-Ag bond. 82
With large multidentate ligands silver(I) can be readily found in trigonal planar geometry, 
particularly when ligand bulk sterically hinders approach of other coordinating species. An 
example here the complex [Ag(NP3)]PF6 the cation of which contains the potentially 
tetradentate ligand, tris[2-(diphenylphosphino)ethyl]amine (NP3). It is interesting to note that 
there is no interaction with either the PF6 or the central nitrogen atom, the silver preferentially 
bonding to phosphorus(III) (Figure 1-9).84 This contrasts with the nitrate analogue where a 
silver-nitrate interaction is present.84
Figure 1-9 Structure of the Ag(NP3)+ cation in [Ag(NP3)]PF6. 84
A further example of trigonal geometry is that found in the bis(triphenylphosphine) adduct of 
silver bromide (Figure l-10a),85 which forms a monomer in the unsolvated complex (with a 
P2Br coordination sphere), similar to the (PPh3)2CuBr analogue. However recrystallisation 
from chloroform results in a dimeric bridged complex where silver atoms are in tetrahedral 
(P2Br2) environments (Figure l-10b).85 The dimeric form is as found in the 




Figure 1-10 Structures of bis(triphenylphosphine) silver(I) bromide,
(a) - unsolvated, (b) - chloroform solvate. 85
Four-coordinate complexes are very common for silver(I), both as tetrahedral or, more 
commonly in sterically demanding situations, distorted tetrahedral geometries. 1:1 phosphine 
adducts of silver halides generally take the form of tetrameric "cubane’ or '‘step’ type 
complexes. Indeed with triphenylphosphine, the silver iodide complex can exist in either
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structural form (Figure 1-11). 87 In the highly distorted ‘cubane’ structure, each of the four 
silver atoms is tetracoordinate, in the "step' complex two are four coordinate, the remaining 
two trigonal. Reported results indicate that these two forms are fairly close in energy, the 
difference being of the order of van der Waals interactions.
P
(a) (b)
Figure 1-11 Structures of (triphenylphosphine)silver(l) iodide, 
(a) - "cubane’ form, (b) - ‘step’ form. 87
A central silver atom may be surrounded with four large donor ligands or, as in the case of 
[Ag(dppe)2lN03 [dppe = l,2-bis(diphenylphosphino)ethane, Ph2PCH2CH2PPh2] two bidentate 
ligands (Figure 1-12).88 The Ag atom is coordinated by all four P atoms in a distorted 
tetrahedral geometry.
Figure 1-12 Structure of the cation of 
bis| l,2-bis(diphenylphosphino)ethanejsilver(I) nitrate. 88
Examples of five- and six- coordinate complexes arc much less common, generally distorted 
and achieved with multidentate ligands. Five-coordinate silver, for example, was achieved after 
crystallising silver(I) perchlorate in the presence of 2,2':6',2" terpyridine and triphenyl- 
phosphine (Figure 1-13). 89 The silver achieves a distorted trigonal bipyramidal coordination 
with a N3P2 set of donor atoms. Other examples of penta-coordinate silver can be found in 
Schiff-base chemistry where N-containing macrocycles can fold to present several coordination 
sites for metal ions, for example [Ag(BF4)]2L where L is a tetraimine Schiff-base macrocycle 
with N-isopropylidine bearing pendant arms. 90 These large macrocycles can hold two silver 
atoms, each forming five Ag-N bonds and in cases such as this the geometry around silver does 
not resemble any simple descriptive shape.
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Figure 1-13 Structure of the cation of [Ag(PPh3)2(terpy))C104. 89
The highest coordination number known for silver is six. In a complex of silver(I) perchlorate 
with the hexadentate podand tris[3-(2-pvndyl)-pyrazol-1 -yl] borate, three silver atoms are found 
as a triangular cationic cluster within the environment of two ligands.91 The silver coordination 
spheres are highly disordered and might loosely be described as octahedral. A similar geometry 
is found in the cation [Ag(f 15]aneS20i)]+ (f 15|ane*Sy>j = 1, 4, 7-trioxa-10, 13- 
dithiacyclopentadecane) where silver ions are bound within mixed thioether oxa crown 
molecules (Figure 1-14). 92 In this case the silver is bound to all potential donor atoms within 
the crown and an additional sulphur (S’ in Figure 1-14) bridges from a second molecule to give 
a distorted octahedral S30 3 donor set.
Figure 1-14 Structure of the cation [AgtflSjan&Sjtfj)]4 in | Ag([15]amsSj03) | PF6.92
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1.4 THE CHEMICAL VAPOUR DEPOSITION OF SILVER
Precursors for the CVD of silver currently fall into four groups of compounds halides: 
carboxylates, p-diketonates and organometallics (Figure 1-15). There are relatively few 
examples in the literature of the CVD of silver using halides, carboxylates and organometallics, 
and these are collected in Table 1-2 . At present adducts of silver p-diketonates at present 
represent state of the art precursors for silver CVD and are the largest number of tested 
precursors. These are listed in Table 1-3. Examples in both tables are limited to cases where 
details of film growth conditions are reported.
Inorganic precursors were first studied in 1972 when silver deposition was achieved selectively 
on silicon with AgF vapour. 93 Deposition was found to occur over a wide temperature range 
(80-600°C) but very low pressures (10'6 Torr) were required. The reaction was thought to 
proceed via etching of the silicon substrate to form SiF4 after formation of the initial silver 
layer. This would necessitate diffusion of silicon through the silver to react at the surface. The 
silver film was found to adhere well to the substrate and this might indicate significant 
diffusion of silicon into the silver film.
More recently, commercially available silver halides were tested at 300-900°C in an argon- 
hydrogen atmosphere at 30 Torr. 19 Deposition was carried out onto AI2O3 substrates using a 
powder feed delivery system. Agl was found to achieve the most complete deposition of silver 
at rates of up to 5000 nm min'1 at 800°C, the deposition being smooth and continuous under 
these conditions. The overall pressure and partial pressure of hydrogen in the reactor were 
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Figure 1-15 Precursors used for the Chemical Vapour Deposition of Silver
Table 1-2 Literature reported silver CVD experiments involving silver halide, carboxylate or organometallic precursors.









AgF Si LPCVD 80-600 10’6 no 50-500 93
Agl a i2o 3 thermal 800 30 yes 5000 19
A g 0 2CCF3 Si, S i0 2, ceramics LACVD NA b vacuum no NA b 94
A g 0 2CCF3 a i2o 3 thermal 600 30 yes 100 19
[CF3CF=C(CF3)Ag]4 various PECVD 120 0.2 yes 5.5 95
[CF3CF=C(CF3)Ag]4 a i2o 3 thermal 300-700 30 yes 90-110 19
[CF3CF=C(CF3)Ag]4 borosilicate glass LPCVD 275 10‘4 no 2.8 21
LPCVD = low pressure CVD, LACVD = laser assisted  CVD, PECVD = plasm a enhanced CVD b NA - not available
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A number of silver carboxylates are also commercially available precursors and are reported as 
limited by low volatility. To date silver trifluoroacetate has been the only carboxylate 
investigated, by two independent studies. In 1986, in an anonymous brief report, it was 
disclosed that silver films could be deposited using a laser-assisted technique (LACVD).94 
Silver films were grown under vacuum onto Si, Si02 and ceramic substrates, though no growth 
data were given. It was postulated that the mechanism involved pyrolysis at the heated surface 
(rather than gas-phase or active site excitation). More recently CVD of silver trifluoroacetate 
has been achieved thermally onto A120 3. 19 The most uniform films were deposited at 600°C, at 
30 Torr in the presence of H2, with growth rates of approximately 100 nm min'1. Again H2 was 
found to be significant, film thickness increasing with H2 partial pressures and films became 
insulating at low P h2. XRD and AES did not detect impurities in the film, although 
computational studies predicted carbon would be present.
For organometallics, precursors generally quoted are adducts of silver cyclopentadienyl 
compounds (for which no film growth details have been published) or the compound perfluoro-
1-methylpropenyl silver (I) {[CF3CF=C(CF3)Ag]4}. Perfluoro-l-methylpropenyl silver (I) was 
initially used as a precursor with plasma enhanced deposition (PECVD). 95 In an argon- 
hydrogen atmosphere at 0.2 Torr films could be deposited between 40-150°C on a number of 
different substrates such as glass, quartz, Si (100), copper, aluminium, aluminium oxide and 
polyimide. Control experiments showed that the thermal CVD contribution was negligible 
under these conditions. Hydrogen was again important, although only small amounts were 
required (e.g. >20%), high resistance coatings being obtained if hydrogen was not present. 
Films examined by XPS showed small amounts of carbon and oxygen, though only at the 
surface, fluorine not being identified in the film.
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The same precursor has been used for thermal CVD experiments. 19 At 700°C in the presence 
of an Ar/H2 atmosphere at 30 Torr, silver films were deposited on A120 3 at rates of up to 110 
nm min \  At lower temperatures, growth rates were still appreciable, i.e. at 300°C, deposition 
rates were 90 nm min"1. The content of H2 in the atmosphere was found not to be critical, films 
being uniform with little or no porosity irrespective of H2 flow. No chemical impurities were 
found by AES, although silver oxide was identified by XRD when little or no H2 was used. In 
other thermal CVD deposition experiments using the same precursor21 silver films were 
deposited onto borosilicate glass. At 275°C, 10"4 Torr, rates were up to 2.8 nm min'1. 
Apparently hydrogen was not used in these experiments. XPS indicated trace fluorine and 
oxygen but no carbon. The oxygen was also found to be depth related which might indicate 
post-experiment oxidation of the film. XRD experiments indicated that films were amorphous 
and made up of agglomerations of particles and voids.
By far the largest source of precursors, particularly since 1992, has been the various adducts of 
silver p-diketonates [Ag(p-diketonate)L, where L is a neutral donor ligand]. Of note are the 
olefin, phosphine, isocyanide and thioether adducts. These precursors have been used to grow 
films by conventional thermal techniques, with aerosol delivery being used most recently.
The earliest silver p-diketonate CVD example (1992) used the Ag(hfac)COD (hfac = 
1,1,1,5,5,5-hexafluoroacetylacetonate, COD = 1,5-cyclooctadiene) olefin adduct as a 
precursor.96 The precursor was heated to 60°C and with a carrier gas of H2/He, films were 
grown at 250°C. Films were of shiny appearance and had total impurities of less than 5%. 
p-Diketonate-olefin adducts can be sublimed (and hence volatilised), however the sublimation 
is accompanied by some decomposition. At higher temperatures this is due to olefin loss to give 
the relatively involatile [Ag(hfac)]n compound.
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It was suggested in the literature that adducts with stronger metal-ligand interactions would 
prove more stable to volatilisation and a number of phosphine adducts of the same p-diketonate 
were synthesised and tested. The mono- and bis- trimethylphosphine adducts were prepared 
and proved to be reasonably volatile (both sublimed easily in vacuo at 20-50°C).97 Silver films 
were grown from these precursors in the presence of H2 in the temperature range 200-425°C. 
Films could be grown on glass, silicon, copper, tungsten, aluminium and nickel. Under vacuum 
these same precursors would only deposit on copper. It was suggested that this was due to the 
etching of the copper to produce the volatile and stable Cu(hfac)2. Auger Electron 
Spectroscopy established the interior of the films to contain less than 1% C, 0  and F 
contaminants.
In similar studies the complexes Ag(p-diketonate)L [p-diketonate = hfac, 98,99 fod (2,2- 
dimethyl-6,6,7,7,8,8,8-heptafluoroocta-3,5-dionate), 100 L = PMe3, PEt3] were prepared and 
tested. These compounds were found to be low melting point solids and volatile enough to be 
used for conventional thermal CVD. Conditions were optimised for the precursors with regard 
to carrier gas, pressures and temperature, for decomposition on glass, silicon and copper. It 
was found that hfac compounds were capable of producing films with 5-10% C at 310-350°C 
at 102 Torr without the presence of H2. Growth rates for Ag(hfac)PMe3 were as high as 33 nm 
min'1, but the use of H2 under these conditions caused premature reaction within the precursor 
reservoir.
Adducts of Ag(fod) were found to have increased stability and required more extreme 
conditions to allow for film growth (10"4 Torr, 370-380°C). Under these conditions film quality 
was poor, with 16-34% C, and 4-5 % O contamination. In addition trace fluorine was found in 
films grown with the PMe3 adduct, and trace phosphorus with the PEt3 adduct. The trace
Table 1-3 Literature reported silver CVD experiments involving silver p-diketonate adducts as precursors









Ag(hfac)COD various thermal 250 atmospheric yes NA 96
Ag(hfac)(PMe3)n c various thermal 200-425 atmospheric yes NA 97
Ag(hfac)PMe3 glass thermal 310 0.05 no 33 98
Ag(hfac)PEt3 glass thermal 250-350 0.05 no NA 98
Ag(fod)PMe3 glass / Si / Cu thermal 300 0.1 y e s d NA e 99
Ag(fod)PEt3 glass / Si / Cu thermal 230-260 0.1 y e s d NA 99
Ag(hfac)CNMe glass / Si thermal 250 0.1 yes NA 101
Ag(hfac)SEt2 Cu coated Si AACVD 200 atmospheric no 40 102
a AACVD - aerosol assisted  CVD b NA = not available 0 n = 1, 2 d H2 w as passed  through a water bubbler before entering the CVD cham ber e at 310°C, 
10'4 Torr in the a b sen ce  of H2 this precursor is reported to have a growth rate of up to 33 nm min-1
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phosphorus was suggested to be due to p-elimination on PEt3 to give ethylene, H2 and 
phosphido groups, the latter not being so readily be desorbed from the growing film. These 
Ag(fod) adducts could be deposited in the presence of H2 or moist H2 (H2 bubbled through 
water) to give better films at less extreme conditions (101 Torr, 230-300°C, 0-9% C,
0-5% O ).99
Since alkyl isocyanide adducts of platinum, gold and copper are known to be successful 
precursors for metal CVD, this argument was extrapolated to silver and Ag(hfac)(CNMe) was 
prepared and examined as a potential thermal CVD precursor.101 Using this compound, films 
could be deposited on silicon or glass in the range 250-320°C, under vacuum (10^ Torr). 
Impurities were significant (16% C, 7% O by XPS), although in the presence of H2 (at 10'1 
Torr) films could be grown at 250°C with no detectable impurities.
Recently aerosol-assisted techniques have been used to grow silver102 and silver alloy (Ag-Pd, 
Ag-Cu)103 films using the precursor Ag(hfac)SEt2. This compound was chosen to demonstrate 
this technique because of its insignificant volatility, which precludes its use with conventional 
vaporisation techniques. In the first study 102 the precursor was dissolved in toluene and 
nebulised at room temperature. The carrier gas (N2) swept the aerosol through a heated tube at 
80°C to allow vaporisation to take place, to a copper coated silicon substrate at 120-250°C. 
Growth rates at 200°C were of the order of 40 nm m in1. Impurities could not be detected by 
XPS and electrical conductivities were good. In more recent work the same precursor was used 
to grow alloy films at 250-275°C .103 The precursors were again dissolved in toluene, nebulised 
and carried to the reaction zone through a preheat zone at 70-80°C. In this study however the 
argon carrier gas contained 10 % H2 and deposition rates were 18-22 nm min'1 on Si02 
substrates.
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1.5 SPECIFIC AIMS AND SYNTHETIC STRATEGIES
The specific aim of this study was to prepare and characterise compounds which might be 
useful as precursors for the CVD of silver. Compounds have been screened and tested to 
examine film growth qualities using purpose-built apparatus in order to evaluate the 
relationship between molecular structure and film growth. The work also aims to identify areas 
of silver chemistry which might prove useful for further synthesis.
Compounds prepared and reported in this thesis fall into four main categories: silver 
carboxylates, silver fluorocarboxylates, silver p-diketonates and organosilver compounds. 
While the chemistry of these compounds varies from case to case, synthetic strategies used to 
promote stability and increase volatility are general in nature and will be discussed briefly here.
As outlined in preceding sections, silver compounds have a tendency to aggregate. Where silver 
compounds exist in polymeric arrays, volatility is very low. Additionally volatilisation may 
require significantly high temperatures to break intermolecular interactions and this can cause 
decomposition of the precursor due to the concomitant breaking of intramolecular bonds.
The strategy adopted involves preparing compounds which do not oligomerise but ideally exist 
in the molecular form as discrete monomers or low molecular weight oligomers (typically 
tetramers or less). Thus energy to break intermolecular/interoligomer attractions will be low, 
volatility will be high and at temperatures normally required for volatilisation, molecular 
stability will be increased. Additionally, problems of stability in general need to be addressed. 
For ease of handling, precursor compounds ideally should be thermally stable, as well as 
resistant to oxidation, hydrolysis and photolysis. The solutions to these two major problems
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largely coincide, as the break up of aggregates and increase in molecular stability can be 
achieved in a number of ways, such as the use of steric hindrance and coordinatively saturating 
the metal centre.
The monovalent character of silver has a large impact on the oligomerisation properties of 
silver. Coordination compounds containing unsaturated silver centres may oligomerise readily 
by the formation of additional metal-ligand bonds, the extra ligands arising from neighbouring 
molecules. Organometallic silver compounds are also prone to remove coordinative 
unsaturation by this method although the generation of multi-silver atom species is also 
common. Strategies employed to inhibit oligomerisation are summarised schematically in 
Figure 1-16.
Figure 1-16 Schematic representation of strategies employed in this study.
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•  The use of potentially multidentate anions (such as carboxylates and p-diketonates) [Figure
1-16 (b)J will help to intramolecularly fully coordinate the metal, silver being in most cases 
tctra-coordinate or less. In addition, this will strengthen intramolecular bonding with 
respect to intermolecular attractions [as compared to ligands bound through only one bond 
Figure 1-16 (a)].
•  Large organic groups can be incorporated into the precursor to cause maximum disruption 
to potential intermolecular metal-ligand interactions. The design of ligands and prediction 
of the structure of precursors can be more straightforward where rigid structures (e.g. a 
phenyl ring) allow for more topographical control of other potential pendant donor groups 
attached to them, in relation to the position of the metal.
•  The use of fluorinated organic groups is well known to reduce melting points o f 
compounds. Ligands partially or completely fluorinated are often used in CVD. Their 
beneficial effect is thought to be due to a decrease in van der Waals attractions.
•  The use of neutral donor molecules to form adducts [Figure 1-16 (d)], will favour a 
reduction in oligomerisation through coordinative saturation and in the case of large donor 
ligands, through steric hindrance. Typical donor molecules might include olefins, 
phosphines and thiols.
•  The use of neutral donor species might be extended if additional donor atoms are found 
within the anionic ligand [Figure 1-16 (e)]. In this way intramolecular bonding will be 
further increased and smaller oligomers will be favoured.
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These strategies have been employed throughout this study, often in combination. However, 
several points should be borne in mind. Clearly there exists a point at which advantages gained 
reducing aggregation by adding more molecular weight of the precursor, will not overcome the 
disadvantages of increasing the mass of the precursor molecule. At this point addition of 
further ligands will reduce volatility. Additional molecular weight particularly in rigid systems 
will however allow for greater crystallinity. This is useful with respect to characterisation, ease 
of purification and topographic control, but it will however have a detrimental effect on 
volatility (although the extent of this is difficult to quantify). Similarly use of long chains will 
bring disorder to the molecule, decreasing crystallinity, decreasing the melting point and 
increasing the volatility, although this possibility has not been fully explored in this thesis.
CHAPTER TWO
SYNTHESIS, CHARACTERISATION AND CVD PROPERTIES OFSILVER(I) 
CARBOXYLATES AND THEIR PHOSPHINE ADDUCTS
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2.1 INTRODUCTION
Silver carboxylate chemistry has been stimulated by the number of areas where these 
compounds find application. Historically they have found use in organic chemistry where their 
degradation by halogens provides a convenient method for the preparation of alkyl halides (the 
Hunsdieker reaction) and esters (Simonini reaction).104,105 They have also found extensive use 
as catalysts in the polymerisation of urethane 106 and in recent years there has been interest in 
the biocidal activity of phenoxycarboxylates and their silver salts.107
Silver carboxylates were considered to be a primary class of precursors for silver CVD. 
Known to be light sensitive and largely insoluble in all but the most polar solvents (e.g. H2NR, 
DMSO), this class of compounds was considered worthy of investigation for a number of 
reasons. The carboxylate groups are potentially multidentate ligands, allowing for greater 
stability and coordinative saturation around the metal. These compounds are known to be 
thermally stable at low temperatures (below several hundred degrees Centigrade), and are 
thought to decompose like many metal carboxylates via a decarboxylation mechanism (Eqn.
2-1).108 Such a mechanism would yield unstable organometallic species in situ, thus these 
compounds have the capability of use as ‘masked’ organosilver precursors.
A
RCO-jAg -------------------------------- ► R-Ag + C 0 2 (2-1)
Decarboxylation has been implicated in thermal decomposition,109,110 and mass-spectrometry 
studies.111113 The Hunsdieker reaction, which is essentially the thermal decarboxylation of a 
silver carboxylate in the presence of halogen and mercuric oxide, (Eqn. 2-2) is thought to
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proceed via a free radical mechanism and formation of small quantities of the alkane R-R 
supports this view. Mass-spectrometry studies have explored parallels with thermal 
decomposition of silver carboxylates.112
A /  HgO
R -C 02Ag + Br2 ----------------------► R-Br + C 0 2 + AgBr (2-2)
Decarboxylation may occur readily, only to be followed by a fast decomposition of transient 
organosilver species. Thermal analysis studies would not be expected to support such 
mechanistic proposals. Mass spectrometry however has identified organosilver fragments from 
the decomposition of silver carboxylates and these experiments show that such organometallic 
species are found in greater abundance where R is aromatic or fluorinated.
2.1.1 Synthetic Routes
Silver carboxylates are extremely easy to prepare owing largely to their insoluble nature in 
aqueous solutions. Preparation can be effected by a number of routes.
I) If the acid is available as a water soluble salt, the simplest preparation involves precipitation 
by addition of solutions of silver nitrate and the carboxylate salt. (Eqn. 2-3) The resulting 
precipitate can be filtered, washed with distilled water to remove by-products and dried.
A gN 03 + N a 0 2CR >  A g 0 2CR + N aN 03 (2-3)
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II) The silver salt may be prepared by reaction of the free acid and silver oxide (Eqn 2-4). This 
method requires some solubility of the acid in aqueous solution and only the stronger acids will 
react quantitatively. The yield may be enhanced by the use of freshly prepared silver oxide (a 
dark brown suspension of silver hydroxides precipitated by addition of alkali to Ag+ aqueous 
solutions).
A g 2 0  +  2 H 0 2C -R   ► H20  + A g 0 2C R  (2 -4 )
This method has found greatest use in cases where the salt was found to be soluble in water. In 
such cases, the mixture was filtered (to remove excess Ag20) and the solvent and excess acid 
allowed to evaporate. The route also requires a relatively low boiling acid (less than 120°C).
III) By far the most useful preparative method used in this study involved the reaction between 
ammonium salts of the carboxylic acids and silver nitrate. Free carboxylic acids suspended in 
water may be solubilised with a few drops of concentrated ammonia solution, to form the 
ammonium salt in situ. At this stage unreacted acid may be filtered off, and stirring with gentle 
warming will remove excess ammonia. Reaction of this ammonium salt in situ with silver 
nitrate will result in an immediate precipitate in most cases (Eqn. 2-5).
NH4OH . _ . AgNOo
r c o 2h     ► [r c o 2] [n h J  ► RCCXAg + NH4N 0 3 (2-5)
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2.1.2 Structural chemistry
A variety of silver carboxylates have been isolated, and a number have been structurally 
characterised. With a range of these compounds now crystallographically determined, a number 
of structural features have become apparent. These are summarised in Table 2 -1 and 
Figure 2-1. Silver carboxylates and the related silver-betaine complexes can be classified as 
typically belonging one of seven structural types (see Figure 2.1). 114 Silver-betaine structures 
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Figure 2-1 Principal structural types of silver(I) carboxylates and related compounds.
(L represents a donor atom from an adjacent sub-unit, typically oxygen from O2CR, OCNH2, H2O)
Table 2-1 Continued
2 -c h lo ro p h en o x y a ce ta te 0 .5 (A g C IO 4) — 1/ 2 1 0 0 0 polym eric 2 .8 0 9 1 3 4
p h en y lth ioaceta te — . . . 0 1 0 0 0 polym eric . . . 1 3 5
2 -ca rb o m o y lp h en o x y a ceta te 0 1 0 0 0 polym eric (B) 3 .0 0 1 1 2 4
glutarate — . . . 0 1 0 0 0 polym eric (D ) 2 .8 0 4 1 4 5
su lp h o a c e ta te . . . h 2o 0 0 1 0 1 polym eric 3 .0 7 1 1 2 9
g lyco la te . . . . . . 0 1 1 0 0 polym eric 2 .8 8 1 1 4 6
fu ranoate — . . . 0 0 1 0 0 polym eric (D ) 2 .8 8 1 1 3 3
oxalate . . . . . . 0 0 1 0 0 polym eric (C) 2 .9 4 5 1 2 6
m alon ateb . . . . . . 0 0 1 0 0 polym eric (C ) 2 .8 5 1 1 2 7
g ly c in e  nitrate . . . . . . 1 0 0 0 0 dim eric (A) 2 .8 7 7 1 2 3
citrate 0 .5 (N H 4+) h 2o 0 0 2 0 0 polym eric 2 .8 4 5 1 0 7
tartrate S b 3+ h 2o 0 0 2 1 1 linked tetram ers 2 .9 9 2 1 3 0
citrate S b 3+ . . . 0 1 0 0 0 tetranuclear d im ers 3 .2 2 1 1 4 7
c y c lo h e x a n e  c a r b o x y la te 0 — . . . 1 0 1 0 0 OH bridged d im ers 2 .7 7 8 141
in cases where more than one significant Ag-Ag distance was determined, the smaller is given b the structure also exhibits univalent silver atoms c 3-hydroxy-4-phenyl-2,2,3-trimethylcyclohexanecarboxylate
Table 2-1 Structural data for silver(I) carboxylates and related compounds
Other species present CN of silver atoms Structural Type (A-E) Ag-Ag Reference
Carboxylate anions ligands 2 3 4 5 6 distance (A)a
b e n z o a te . . . . . . 1 0 0 0 0 dim eric (A) 2 .9 0 2 1 2 0
4-h yd roxyb en zoate . . . . . . 1 0 0 0 0 dim eric (A) 2 .9 1 5 1 2 0
2-h yd roxyb en zoate . . . . . . 1 0 0 0 0 dim eric (A) 2 .8 6 1 1 4 3
2 ,6 -d ih yd roxyb en zoate . . . . . . 1 0 0 0 0 dim eric (A) 2 .9 1 0 1 4 3
4 -a m in o b en zo a te . . . . . . 0 1 0 0 0 polym eric 2 .9 2 1 3 2
2 -n itrob en zoate . . . . . . 0 0 2 1 0 polym eric 2 .8 0 4 1 4 0
4 -n itrob en zoate . . . 0 .5 (N H 3) 1 1 0 0 0 polym eric no  r in gs 3 .1 5 1 1 4 4
p h en o x y a ce ta te . . . . . . 0 1 0 0 0 polym eric (D ) 2 .8 6 6 1 2 8
4 -flu o ro p h en o x y a ceta te — h 2o 0 1 1 0 0 tetram ers (D ) 2 .8 3 6 1 2 8
p erflu orop h en oxyaceta te . . . . . . 1 0 0 0 0 dim eric (A) 2 .9 4 3 121
4-ch loro-2 -m eth y l p h en o x y a ce ta te . . . . . . 2 0 0 0 0 z ig -z a g  polym er (E-i) . . . 1 3 4
2 ,4-d  ich lo ro p h en oxyaceta te . . . . . . 2 0 0 0 0 z ig -z a g  polym er (E ^ . . . 1 3 4
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The vast majority of silver carboxylate structures are based around linkage of dimeric sub­
units made up of 8-membered bis(carboxylato-G, O ')bis(silver) rings. These rings are in most 
cases essentially flat, with OCO bond angles typically much less than the OAgO angles which 
tend to approach linearity (160-170°). Differences within this class of compounds are derived 
in the main from the way these sub-units are assembled, either as discrete dimers (Type A - 
Figure 2-1) or as a variety of polymeric structures (Types B-E - Figure 2-1). Polymerisation is 
achieved through additional bonds to silver atoms of individual dimers using other donors 
(carboxylate or otherwise) originating from adjacent sub-units.
Type A structures have no additional donors on the silver, examples being the benzoate,120 
/?-hydroxybenzoate, 120 perfluorophenoxyacetate 121 and the related silver glycylglycine 
nitrate 122 and glycine nitrate. 123 Silver-oxygen bond lengths in type A structures are of the 
order of 2.2 A. Type B structures are distinct from type A in that the silver centres accept 
donors parallel to the Ag-Ag vector to form a polymer of bridged dimeric sub-units. An 
example of this structure can be found with silver carbamoylphenoxyacetate where the silver 
atoms are additionally bonded to oxygen atoms on the carbamoyl (OC-NH2) group (Figure
2-2). 124 The silver-carbamoyl oxygen bonds in this case are of die order of 2.49 A, the ring 
Ag-0 bonds found in the range of 2.23-2.27 A.
Type C structures have two additional donors perpendicular to the O-Ag-O vector. In cases 
where oxygen bridges to other sub-units are found, Ag-0 bond lengths range 2.5-2.7 A. 
Examples include silver oxalate 125,126 and malonate. 127 Additional long range interactions can 
often be identified which are not formally recognised as bonds. In the citrate structure two 
individual Type C dimer units exist, one with silver bonded additionally to carboxylate oxygen
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Figure 2-2 Crystal structure of silver(I) carbamoylphenoxyacetate, 124 (Type B).
Figure 2-3 Crystal structure of silver(I) oxalate, 126 (Type C).
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atoms, the other with silver bonded additionally to carboxylates and water molecules. 107 
Although silver carboxylates are invariably prepared in aqueous environments and hydrates 
and hemihydrates are common, water co-ordination to silver atoms as shown in the citrate is 
rare. Other examples where water coordination occurs include the 4-fluorophenoxyacctate, 128 
sulphoacetate,129 and the antimony(IIl) silver(I) (+)-tartrate. 130
Figure 2-4 Crystal structure of silver(I) phenoxyacetate, 128 (Type D).
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The type D step polymer is very common with the smaller and functionally simpler
carboxylates. Dimeric sub-units are found to line up in a ladder type formation to allow oxygen
and silver atoms to bond to silver and oxygen on adjacent dimers, thus forming four-membered 
I---------1
AgOAgO rings. Typical examples include the 4-aminobenzoate,132 phenoxyacetate 128 and the 
furoate (furan-2-carboxylate).133 The latter compound exhibits an interesting structure where 
every oxygen within the carboxylate groups is bridging to another dimer, in other cases of type 
D structures only half of the oxygens bridge to other dimers. A further variation of this type is 
found with the 4-fluorophenoxyacetate,128 which has structural similarities with type D.
Only a few examples of these compounds not taking up structures based on the bis 
(carboxylato-O, O )  dimer are known, these have been classified as types Ei and E2) both of 
which are polymeric. Structures of the type Ei are found with 2,4-dichlorophenoxyacetate and 
4-chloro-2-methylphenoxyacetate 134 which form zig-zag chains. The E2 type structure is 
shown in the (pyridinebetaine)silver(I) system, which is the only known example of a syn-syn 
bridged one-dimensional polymer. 114
When additional donors can be found in the molecule, particularly where multidentate
coordination is possible, such as the (phenylthio)acetate,135 or the pyridinecarboxylates,136138
the basic dimeric structure for these compounds is less common. In the Ag-Gd complex with
2,6-pyridinedicarboxylic acid, silver is not found in dimeric sub-units but takes up a bridging
role itself between monomeric Gd(dipic)2 molecules (H2dipic = 2,6-pyridine dicarboxylic acid),
I---------1
in the form of 4-membered AgOAgO rings (common to type D ) .139
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The prevalence of bis(carboxylato-(3,0  ')disilver(I) dimers in silver carboxylate structures has 
lead to some discussion of the extent of Ag-Ag bonding in such species. In cases where Ag-Ag 
distances are significantly less than that found in the metal (2.89 A), for instance such as the 2- 
nitrobenzoate (2.809 A )140 and the 3-hydroxy-4-phenyl-2,2,3-trimethylcyclohexanecarboxylate 
(2.778, 2.834 A ),141 silver-silver bonds have been formally recognised. In general, Ag-Ag 
distances range ffom 2.78-3.22 A and have been seen in the main as indicative of possible 
silver-silver interactions, although some authors have held other views.142
The structural nature of silver carboxylates changes as other possible donor groups are 
incorporated into the system. In the case of the thiophenoxyacetate 135 and the pyridine-2- 
carboxylate,136 structural classifications previously discussed become obsolete as chelate 
effects break up dimeric based structures. The addition of neutral donor molecules to silver 
carboxylates is thought to have a similar effect due to a combination of steric and electronic 
effects. A wide variety o f adducts of silver carboxylates (the majority involving phosphine 
ligands) have been isolated and characterised. 148’149 These adducts are significantly more 
soluble in organic solvents and, particularly with triphenylphosphine as die additional ligand, 
are thermally and light stable solids. Their solution chemistry has also been investigated.150 
Adducts of silver carboxylates whose structures have been elucidated are summarised in 
Table 2-2.
The 1:1 pyridine adduct of silver benzoate which can be isolated ffom recrystallisation of the 
silver salt ffom neat pyridine,151 forms a one-dimensional chain similar to that found in type D. 
In this case each silver is four-coordinate to three oxygens and a nitrogen (Figure 2-5), pyridine 
ligands bonding from above and below the chain. This is an unexpected result when viewed in 
comparison to the structure of silver benzoate, the latter being an unbridged type A dimer.
Figure 2-5 Structures of silver(I) benzoate pyridine adduct151 (a) (nitrogen atoms 
are shaded) and ammine silver(I) /?-nitrobenzoate 144 (b).
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Addition of ligands would be expected to reduce oligomerisation due to steric effects, however 
in this example this appears not to be the case. Similarly, the formation of the benzene adduct 
of silver trifluoroacetate is also known not to cause a reduction in aggregation.142
A similar N-donor adduct of silver(I) 4-nitrobenzoate was isolated ffom a concentrated 
ammoniacal solution. 144 A structure determination shows the presence of one ammonia 
molecule per two silver atoms. The (AgOCO)2 rings are broken, though the carboxylates 
remained bridging in the syn-syn configuration, leaving a polymeric backbone based around a 
silver ‘chain’ (Figure 2-5). Silver-silver distances in this structure are 3.151 A suggesting no 
formal bonding.
More extensive investigations have been carried out on adducts containing either mono- or bi- 
dentate phosphines, no doubt due to their stable crystalline nature. The 1:1 Ag:PPh3 adduct of 
bis(l,8-napthalenedicarboxylato)silver(I) was found to exist as a tetranuclear cluster. 152 The 
four independent silver atoms were surrounded by one phosphorus and three or four oxygen 
atoms. The carboxylato groups are bound to silver in both chelating and monodentate modes.
In this adduct there are no dimeric sub-units, although there is no reason to assume that the 
carboxylate itself would assume that configuration.
The structure of the 1:1 triphenylphosphine adduct of silver acetate has also been determined as 
a tetranuclear cluster 153 (Figure 2-6). Dimeric sub-units are found in this structure, although 
puckered into boat conformations. Two dimers are bonded together via Ag-0 bonds ffom the 
carboxylate, much the same as in structural type D. There are two silver environments, one 
trigonal three-coordinate, the other tetrahedral in nature, made up of one phosphorus and two 
or three oxygens respectively.
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Table 2-2 Structural data for adducts of silver(I) carboxylates.
C o m p o u n d L ig a n d A g :L S tr u c tu r a l t y p e A g  c o o r d in a t io n  s p h e r e a R e f
A g 0 2CH P P h 3 1:2 m on om er tetrahedral ( 0 2P 2) 1 5 4
A g 0 2CH d p p f b 2 :3 dim er tetrahedral (O P 3) 1 5 7
A g 0 2C C H 3 P P h 3 1:1 tetram er trigonal ( 0 2P ), tetrahedral ( 0 3P) 1 5 3
A g 0 2C C H 3 d p p m 0 2:1 tetram er trigonal ( 0 2P) 1 5 6
A g 0 2C C H 3 d p p m c 1:1 dim er d istorted  tetrahedral ( 0 2P 2) 1 5 6
A g 0 2C C H 3 d p p f b 2:1 tetram er tetrahedral ( 0 3P) 1 5 7
A g 0 2C C H 3 N 2S 2-m a cro cy le 1:1 m on om er sq u a r e  pyram idal (O N 2S 2) 1 5 8
A g 0 2C C 6H5 C5H5N 1:1 polym er distorted  tetrahedral ( 0 3N) 151
A g 0 2CC6Hs d p p f b 2:1 dim er trigonal ( 0 2P) 1 5 7
A g 2( 0 2C )2C i2H6 P P h 3 1:2 tetran u clear dim er tetrahedral ( 0 3P), sqr-pyram idal ( 0 4P ) 1 5 2
A g 0 2CC C I3 IC 6H5 2:1 polym eric tetrahedral ( 0 3l) 1 5 9
A g 0 2C CCI3 I2CeH4 2:1 polym eric tetrahedral ( 0 3l) 1 5 9
a geometric terms should only be taken as approximations of geometry b dppf = l , l ’-bis(diphenylphosphino)feiTocene 
0 dppm = bis(diphenylphosphino)methane
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a)
Figure 2-6 Structures of [Ag(02CCH3).(PPh3)]4 153 (a) and Ag(02CH)(PPh3)2154(b), 
(some incidental atoms are omitted for clarity).
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Other adducts of silver carboxylates with triphenylphosphine include the Ag:PPh3 1:2 adducts 
of silver formate 154 and acetate 155 (although only a preliminary study of the acetate has been 
carried out). The silver formate species exists as a monomer with a bidentate formate ligand 
completing an O2P2 coordination sphere around the silver (Figure 2-6). This structure is 
discussed in more depth later in the Chapter.
A number of adducts of silver carboxylates with bidentate phosphines have been isolated and 
their structures determined. The bidentate phosphines used include bis(diphenylphosphino) 
methane (dppm) and l,r-bis(diphenylphosphino)ferrocene (dppf). Conformations in the dppm 
ligand generally prohibit chelation to a single metal atom, it being most often found as a 
bridging ligand in oligomeric structures. In contrast, the flexibility of the dppf ligand caused in 
part by rotational freedom around the Cp-Fe-Cp unit means that structural conformations for 
this ligand are wide, varied and very difficult to predict.
Two dppm adducts of silver acetate have been structurally investigated, those of 2:1 and 1:1 
Ag:dppm ratios. Dppm will react with two equivalents of silver acetate to give a tetranuclear 
species 156 which differs from the dinuclear species proposed in solution. 152 The solid state 
structure of the 2:1 adduct, [Ag2(|a-O2CCH3-0 ,0  ')(p-02CCH3-O)(p-dppm)]2, consists of a 
central 12 membered ring made up of four silvers, two bridging oxygens (from monodentate 
acetates) and two bridging acetate groups. Each silver is bridged by a dppm and an acetate 
group in an anti-syn fashion, each silver atom being three-coordinate. This complex reacts 
rapidly with more dppm to give dimeric [Ag(q2-0 2CCH3)(p.-dppm)]2.2CHCl3 156 The addition 
of the additional dppm molecule causes the adduct to take up a dimeric arrangement with silver 
atoms doubly bridged by diphosphines (Figure 2-7). Acetate groups chelate to individual silver 
atoms which take up a distorted P20 2 tetrahedral configuration.
b)
Figure 2-7 Structures of silver(I) carboxylate adducts of diphosphine ligands; 
[Ag(02CCH,)(dppm)|2.2CHCl3 156 (a), [Ag2(0 2CCH,)2(dppf)]2157 (b),
(some incidental atoms are omitted for clarity).
Complexes with dppf ligands have been studied with silver formate, acetate and benzoate.157 
The formate adduct [Ag2(02CH)2(dppf)3] .2CH2Cl2, can be described as a dppf ligand 
symmetrically bridging two Ag(dppf)(HC02) species. Such co-existence of bridging and 
chelating modes of the dppf is rare, as is the unidentate bonding of the formato ligand. In the 
acetate adduct [Ag2(0 2CCH3)2(dppf)]2, the core consists of a tetranuclear framework made up 
of two adjacent 8 membered bis(carboxylato-0,O )  dimers (Figure 2-7), similar to the 
triphenylphosphine adduct of silver acetate (Figure 2-6). A number of important differences 
exist, though all the acetato ligands are three-coordinate, two are in a chelate-bridge 
coordination mode, the remainder in a triply-bridging coordination mode. Thus, in contrast to 
the [Ag(02CCH3)PPh3]4 structure previously described, all silver atoms are four coordinate 
with an 0 3P coordination sphere. The benzoate adduct Ag2(C6H5C 02)2(dppf) incorporates a 
dppf ligand bridging silvers across a puckered eight membered Ag2(0 2C)2 ring. The silver 
atoms are brought into close proximity by the puckered conformation (3.346 A), although this 
is not indicative of a metal-metal bonding interaction.
A number of other adducts of silver carboxylates are worthy of note. Reaction between silver 
acetate and the dithia-diaza-macrocycle (3,3,7,7,11,1 l,15,15-octamethyl-l,9-dithia-5,13- 
diazacyclohexadecane) results in a monomeric silver complex 158 with the central metal atom in 
a square pyramidal arrangement with all donor atoms bonding ffom the macrocycle and 
unidentate coordination ffom the acetate. The silver-oxygen distance is 2.686 A, fairly long in 
comparison to other acetates. In addition iodobenzene adducts have recently been reported for 
the trichloroacetate silver sa lt.159 In a similar way to the pyridine adduct, these 'soft' donor 
ligand molecules I C ^  and m-hC^U  have not broken the polymeric nature of the 
trichloroacetate. The structure is however significantly distorted by addition of these ligands, 
which in both cases bridge across dimeric sub-units.
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From the structural information found in the literature, it was considered that in forming 
adducts of silver carboxylates, if the polymeric nature o f these compounds could be inhibited, 
the formation of higher volatility monomers might be favoured. A patent in the literature 160 
outlines pyrolysis of silver carboxylates solubilised with amines and this initially lead to 
attempts to isolate adducts of silver carboxylates with amines and other nitrogen donors. 
Although the carboxylates were solubilised easily with amines, adducts were not isolable and 
these attempts to isolate discrete compounds containing N-donors met with little success except 
in the case of 2,2’-bipyridyl.
This study has therefore focused on phosphine adducts using R3P (R = Me, Ph) with a range of 
carboxylates with increasing R' group size (R' = CH3, lBu, 2,4,6-trimethylphenyl). These 
adducts have been characterised structurally and their use as precursors for silver film 
formation explored.
2.2 RESULTS AND DISCUSSION
2.2.1 Synthesis
A series of silver carboxylates have been prepared in which the organic group of the 
carboxylate (R) has been used to vary the steric crowding in any resulting complex, these were 
prepared using several routes (Scheme 2-1) to give yields 64-96 %.
2:1 adducts of each of these carboxylates were prepared with trimethylphosphine by the 
addition of excess phosphine (Scheme 2-1), in all cases only the bis adduct was isolated. 
Preparative yields for these reactions were found to be high (70-96 %). Decomposition
R - C 0 2 N a + A g N 0 3 
R = M e (1 ) ^
r -c o 2 n h 4 +




A g N 0 3
R-C02Ag(PMe3)2
Me
R = M e (2), l Bu (6 ), (9 )
R -C O ^ P P h ^
R = M e n = 2  (3 )
R = M e n = 3  (4)
R - C 0 2A g (P P h 3)2 
R = l Bu (3)
73
temperatures, as measured by TGA, were influenced by the size of R group on the carboxylate; 
25°C (2), 70°C (6), 76°C (9).
Adducts were also prepared with triphenylphosphine (Scheme 2-1) to give 2:1 and 3:1 
complexes. Where two equivalents of phosphine were added, the bis adduct was always 
isolated. Where excess phosphine was used, the tris(triphenylphosphine) adduct of silver 
acetate was isolated (4), the analogous adduct of silver pivalate was not. Preparative yields 
were relatively high (52-94%). Decomposition points were found to be higher than the 
analogous trimethylphosphine adducts but appeared to be less influenced by the size of the R 
group; 208°C (3), 150°C (4), 200°C (7), 85°C (10).
The triphenylphosphine adducts were, as expected, easier to recrystallise and purify, the 
trimethylphosphine adducts suffering slightly ffom the lability and volatility of the donor 
ligand.
2.2.2 Infra-red Spectroscopy
The infra-red spectra of carboxylic acids reveals five frequency bands characteristic of the 
carboxylic acid group.161 i) 2500-2700 cm'1 v(OH), ii) ~1700 cm'1 v(C=0), iii) and iv) ~1400, 
1200-1300 cm'1 v(C-O), 5(0-H), v) ~900 cm'1 5(0-H) non-planar to the C 02. On forming the 
carboxylate anion, the loss of the proton removes the presence of O-H stretches and 
deformations. Metal-oxygen bond stretches are found in their place at much lower frequencies, 
for example in silver acetate v(Ag-0) is reported at 284 cm'1. 111 Such frequencies are beyond
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the range of the instrumentation used in this study, consequently v(M-O) was not used to aid 
structural investigations.
The carboxylate group itself is a useful diagnostic 'handle' to indicate structural changes. Four 
distinct modes of coordination of the carboxylate group have been characterised in terms of 
infra-red analysis, namely ; ionic carboxylates (I), unidentate carboxylates (II), (bidentate) 
chelating carboxylates (III) and (bidentate) bridging carboxylates (IV) (Figure 2-8).
M+ r Q “ 1 "  M— O M
R “ \ ^ R 
o  J  o O M
(I) ( II)  ( II I)
Figure 2-8 Modes of coordination of the carboxylate group.
Of the structural forms given above, I, III and IV have basic C2v symmetry and many of their 
spectral features arc quite similar. The unidentate carboxylate mode (II) is markedly less 
symmetrical (Cs) and this has consequences for its infra-red spectrum. Changes in the 
carboxylate group vibrational frequencies are normally compared to those of the free ion (I), 
where the carboxylate group is completely symmetrical and the metal atom associated equally 
with both oxygen atoms.
Ionic carboxylates have been studied extensively and while they show no carbonyl group 
stretch there are characteristic bands in the range 1510-1650 cm'1 and 1280-1400 cm'1 denoted 
as the asymmetric stretch va(C02) and symmetric stretch vs(C02) respectively. A reduction in 
frequency of the asymmetric stretch is due to the mixing of C=0 and C-0 character in the
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symmetrical ion. The difference between the asymmetric and symmetric stretches is given by 
Av [where Av = va(C 02")-vs(C 02)] and when compared to that found in the free ion gives a 
value typical of the coordination mode.
In the free acetate ion va(C 02) and vs(C 02) are found at about 1560 and 1416 cm'1 
respectively, Av = 144 cm'1. By comparison, in unidentate bonding (II), the two carbon-oxygen 
bonds are less equivalent, v(C=0) is higher than va(C02) and v(C-O) is lower than vs(C02). 
As a result the separation between the two is much larger, examples of unidentate acetate 
bonding giving Av in the range 230-315 cm'1.
According to Nakamoto 162 the opposite trend is generally observed in a (bidentate) chelate 
complex where the separation Av is much smaller than in the free ion. This is supported by the 
work of Grigorev, 163 whose conclusions are based both on theoretical considerations and 
empirical data. In the (bidentate) bridging complex, the separation is said to be approximately 
that of the free ion. In summary :
Av(chelate) < Av (bridging) ~ Av (free anion) < Av (unidentate)
Other workers have pointed to the unreliability of using IR band frequencies to assign 
structural modes of coordination.164,165 The carbon-oxygen stretching vibrations may be 
affected by hydrogen bonding or interactions with metal lone-pairs. In addition, the C-H 
bending modes are found in the same region and although weak for alkyl C-H modes, some 
confusion may be experienced with the in plane C-H vibrations of aryl groups.
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On the above basis, tentative assignments have been made for va(C 02) and vs(C 02")
(Table 2-3). The sharp, strong, bands found with the triphenylphosphine adducts at 1435, 
1477-1482 cm'1 have been assigned to C-H vibrations, as have the bands at 1283-1287 cm'1 
found in the trimethylphosphine adducts. The values of Av found for silver acetate (1) and 
pivalate (5) are much lower than those of the sodium salts (143 cm"1 and 135 cm'1 
respectively). In line with previous observations, this is consistent with a chelating carboxylate 
structure, although this conflicts with the general structural trend for silver carboxylates which 
are known to prefer bridging structures. Although no structural studies on these particular 
carboxylates have been published, mass spectral evidence for the acetate points to an 
oligomeric or polymeric (and therefore bridging) structure. 111 The presence of oxygen-silver 
bridges between dimeric sub-units could well have an effect on C -0 bond character. In contrast 
the infra-red spectrum of the mesitylate shows a much larger Av, changing only slightly on 
forming adducts, indicating only a small change of structure on adduct formation.
Single crystal X-ray diffraction studies of compound (3) have revealed a chelating acetate 
group, monomeric (tBu3P)Ag(02CCH3) is reported to have Av of 164 cm'1 166 and other 
chelating acetate groups have shown a Av of 162 cm'1. 156 On this basis, the data of Table 2-3 
suggest that the remaining bis adducts also incorporate chelating carboxylates around a four 
coordinate silver. It should be stressed that these results are not unambiguous, as bridging 
benzoate and acetate groups are reported to have Av values of 169 cm'1 and 177 cm'1, 
respectively. 157’156 A final point worthy of note is the lack of a much larger Av splitting in 
compound (4) which might be expected to involve a unidentate structure due to the presence of 
three equivalents of phosphine. The data are, however, consistent with previously published IR 
data for this compound, the authors suggesting values of Av o f 185 cm'1148 or 190 cm'1 149 
support the presence of unidentate bonding.
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A9 O2CCH3 (1) 1514 1422 92
Ag0 2CCH3.(PMe3)2 (2) 1574 1404 170
Ag0 2CCH3.(PPh3)2 (3) 1553 1396 157
Ag0 2CCH3.(PPh3)3 (4) 1565 1406 a 159 a
Ag02CtBu (5) 1512 1399 113
Ag0 2CtBu.(PMe3)2 (6) 1557 1401 156
Ag02CtBu.(PPh3) 2 (7) 1562 1402 160
Ag0 2C-Me3C6H2 («) 1557 1393 164
Ag0 2C-Me3C6H2.(PMe3)2 (9) 1564 1387 177
Ag0 2 C-Me3C6H2.(PPh3)2 (10) 1545 1385 160
a assignment in this case is complicated by a nearby peak at 1381 cm'1, assignment of vs(C 0 2  ^
to this would suggest a Av of 184 cm'1
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2.2.3 !H a n d 13 C NMR Spectroscopy
Proton and carbon-13 NMR results, as shown in Tables 2-4 and 2-5 respectively, gave 
expected results. 13C carboxylate resonances were found to be affected by the formation of 
adducts, as a rule shifting downfield some 2-3 ppm, although this could be due to solvent 
effects. Silver carboxylate NMR experiments were conducted in d6-DMSO, experiments with 
their adducts were carried out in CDC13. The only adduct having an unchanged 13C carboxylate 
resonance from the carboxylate, was the silver acetate tris(triphenylphosphine) adduct.
2.2.4 31P a n d 109Ag Multinuclear NMR Spectroscopy
Compounds (1) to (10) were also investigated using31P and 109Ag NMR techniques both at 
room temperature and at low temperature (-80°C). All room temperature31P NMR spectra 
exhibited broad unresolved peaks indicating a degree of lability in solution. This is consistent 
with most such solution studies in the literature, 148 150 though some have been resolved at room 
temperature.166 The shift of the phosphorus resonances in the adducts as compared to the free 
ligand PR3 (R = Me, Ph) (denoted A5), is largely characteristic of the phosphine and not the 
carboxylate. A5 for trimethylphosphine and triphenylphosphine adducts were 22.4-25.6 ppm 
and 10.8-13.8 ppm downfield respectively. The tris(triphenylphosphine)acetate complex 
Ag(02CCH3)(PPh3)3 (4) did not appear different in any respect.
At lower temperatures (-80°C) the dynamic solution behaviour was found to be inhibited and 
the dissociation of ligands was slowed sufficiently to allow resolution in a number of cases. Bis 
triphenylphosphine complexes (3), (7) and (10) resolved readily to give resonances apparent as
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a doublet of doublets at 7 .6-8.0 ppm. An example given in Figure 2-9 was that observed for 
compound (3). Inner doublets due to J(! l7Ag-31P) one bond coupling and outer (quoted) due to 
'j (109Ag-31P) coupling were found in the expected range (480-497 Hz).
J( 09Ag-31P)
79 6 5
Figure 2-9 31P NMR spectra for Ag(02CCH3)(PPh3)2 (3).
A number of spectra of the trimethylphosphine adducts - compounds (2) and (6) - were found 
to contain unresolved resonances at this temperature. Compound (9) was found to be partially 
resolved allowing for an estimate of one bond coupling to silver. The spectrum of the tris 
(triphenylphosphine) complex (4) was also found to be partially resolved (in contrast to 
resolved spectra for the bis triphenylphosphine adducts). The spectrum appeared to show two 
species in solution, the major peaks (an unresolved doublet) close to those found in the 
corresponding bis adduct (3).
In the silver NMR studies, a number of resonances were not detected at all, i.e. those of 
compounds (1), (4) and (6). For silver pivalate (5) and mesitylate (8) 109Ag resonances were 
detected in the expected region (303 and 266 ppm respectively). These values compare well 
with other silver carboxylate resonances observed during the period of this study (Ag02CPh at 
278 ppm. /?-Ag02CC6H4-NH2 at 180 ppm). Resolved 109Ag resonances of bis(triphenyl-
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phosphine) adducts - compounds (3), (7) and (10) - appeared as 1:2:1 triplets in the region 195- 
931 ppm. One bond coupling to phosphorus-31 atoms is consistent with values found in the31P 
NMR spectra. An example is shown in Figure 2-10, namely that of Ag(02CCH3)(PPh3)2 (3) 
Resonances for trimethylphosphine adducts were either not detected (6) or unresolved (2), (9) 
(772, 834 ppm respectively), indicating dynamic equilibria still operating at -80°C. Similarly 
no resonance was found for the tris(triphcnylphosphine) complex (4).
On formation of the adducts silver-109 resonances were shifted downfield by around 550-650 
ppm. Bis(triphenylphosphine) adducts were detected at lower field (shifts of 627, 628 ppm for 
compounds (7) and (10)), than bis(trimethylphosphine) adducts (shift of 568 ppm for 
compound (9)) as compared to the silver carboxylates themselves. Collected data for 
phosphorus and silver NMR experiments are summarised in Table 2-4.
t o
Figure 2-10 109Ag NMR spectra for Ag(02CCH3)(PPh3)2 (3)
Table 2-4 31P and 109Ag NMR data for silver(I) carboxylates and their phosphine adducts.
Room temp 31P dataa Low temp 31P datab 109Ag datac
Compound 5 § free ligand A5 31P 1J(31P-Ag) A5 109Ag 1J (109Ag-31P)
Ag02CCH3 (1) nod





Ag02CCH3. (PPh3)2 (3) 8.01 -5.24 13.25 7.6 (dd)f 490 12.84 907 (t)9 489







Ag02CtBu (5) 303 (s )1
Ag02CtBu.(PMe3)2 (6) -39.1 -62 22.9 -38.2 (br) e 23.8 no d
Ag02CtBu.(PPh3)2 (7) 8.51 -5.24 13.75 7.75 (dd)f 480 12.99 931 (t) 9 484
Ag02C-Me3C6H2 (8) 266 (s)1
Ag02C-Me3C6H2.(PMe3)2 (9) -39.6 -62 22.4 ■ CO 00 o a -500+ 24.0 834
Ag02C-Me3C6H2.(PPh3)2 (10) 5.56 -5.24 10.8 7.98 (dd)f 497 13.22 895 (t) 9 503
a experiments recorded as CDC13 solutions at 20°C b experiments recorded as CH2CI2/CDCI3 solutions at -80°C c experiments recorded as CH2CI2/CDCI3 solutions at -80°C except (1), (5 ) and (8 ) which were recorded 
as d6-DMSO solutions at 20°C d no = not observed e br = broad f dd = doublet of doublets 9 t = triplet h ud = unresolved doublet 1 s = singlet 1 d = doublet
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2.2.5 Mass Spectrometry
In order to determine the extent of oligomerisation and to provide preliminary data for potential 
decomposition routes, a selection of compounds were examined using fast atom bombardment 
[FAB(LSIMS)] mass spectrometry. Of particular interest were silver-containing fragments, 
easily identified due to the abundance of the two isotopes, silver-107 and silver-109 
(Appendix 2).
No silver fragments were identified in the spectra for the silver carboxylates even with the 
sensitive techniques employed, presumably either due to their very low volatility or their limited 
solubility in the LSIMS solution matrix (see Appendix 2). Some studies have however shown 
the presence of silver containing fragments using EI techniques 1U> 112 and studies using SIMS 
techniques show increased abundances of silver containing fragments. 112
The mass spectrometry data for the phosphine adducts are summarised in Table 2-5 
(trimethylphosphine adducts) and Table 2-6 (triphenylphosphine adducts). For the 
trimethylphosphine adducts (2), (6) and (9), the spectra are dominated by monosilver fragments 
also incorporating phosphine ligands and in these cases M+ (100%) was Ag(PMe3)n(n = 1, 2). 
Often these peaks were followed by minor peaks of oxidised fragments, AgOL2, A g02L2 but 
not AgOL. A number of dinuclear species were also identified, particularly for compound (2). 
The fragment Ag2(0 2CR)L2 was common to (2), (6) and (9), Ag2(0 2CR)L was identified in (2) 
and (9), Ag2(0 2CR)(02C)Ln (n = 3, 4) was identified in (2). Such dinuclear species might be 
taken to indicate a dimeric based structure although similar fragments are observed in 
compound (3) which is known to take up a monomeric structure.
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Table 2-5 Selected mass spectrometric data, silver(I) carboxylate 
- trimethylphosphine adducts. a
F ragm en t io n s  e
(2) b





109 13 109 32 109 5
149 22 — — 147 8
AgL 183 82 183 100 183 84
Agl_2 259 96 259 79 259 100
AgOL2 275 5 275 7 275 3
A g 0 2L2 291 2.5 - - -- -- —
Ag2( 0 2CR)L 349 4 — — 453 3
Ag2OHL2 383 8 — --- — —
Ag2( 0 2CR)L2 425 55 467 5 529 21
Ag2( 0 2C R )(02C)L3 545 5 — — — —
Ag2( 0 2C R )(02C)L4 621 1.6 — — __ —
Other Ag containing 401 f 16 197 f 11 479  f 5
fragm ents (Agn) 497  f 3.6 323 9 12 — —
567 9 2.4 — — — —
643  9 1.4 — — — —
a based on 107Ag b R = CH3 c R = lBu d R = 2,4,6-Me3C6H2 e L = PMe3 f recognised by isotopic 
pattern as containing one silver atom 9 recognised by isotopic pattern as containing a number of silver 
atoms
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Table 2-6 Selected mass spectrometric data, silver(I) carboxylates
- triphenylphosphine adducts. a
(3) b (4) b (7) c (10)
d
F ragm ent e m /z % m /z % m /z % m /z %
185 21
L 262 13 262 31 262 24 262 36
AgL 369 62 369 89 369 100 369 100
AgOL 385 2 385 5 385 4 385 4
Agl_2 631 100 631 99 631 92 631 50
AgOL2 647 4 647 7 647 4 .4 647 2
A g 0 2L2 — — - - — - - — 663 1
AgL3-H 892 0.7 892 1.9 892 6.2 — —
Ag20 ( 0 2CR)L — — __ — — — 655 1
Ag2L2-H 737 0.3 737 0.6 — — --- —
Ag2OHL2 755 0.8 755 1.3 — — — —
Ag2( 0 2CR)L2 797 1.2 797 4 .4 839 0.4 901 1
Ag20 ( 0 2CR)L2 — — — — — — 917 1
Ag2RL3 1015 0.3 1015 0.4 — — — —
Ag2O R (0 2CR)-H — — — — - - — 511 1
Ag20 R ( 0 2CR)L-H — — — — — — 733 5
Other Ag 764 f 23 764  f 1.1 739  9 0.5 - - —
containing 773 f 0 .6 773  f 1.2 755  9 0.8 — —
fragm ents 865 f 1.1 923  h 0.3 855  9 1.1 — —
9 2 3 f 0.2 1061 h 0.5 — - - --- —
1127 f 0 .2 1125 9 0.5 — — — —
a based on 107Ag b R = CH3 0 R = fBu d R = 2,4,6-Me3C6H2 e L = PPI13 f recognised by isotopic 
pattern as containing two silver atoms 9 recognised by isotopic pattern as containing a single silver atom 
h recognised by isotopic pattern as containing a number of silver atoms
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For the triphenylphosphine adducts, results were similar with both mononuclear and 
dinuclear fragments identified. The bis and tris complexes of silver acetate (3) and (4) gave 
almost identical spectra with no significant differences. This may indicate a shared 
decomposition pathway between the two, or perhaps that one complex is a decomposition 
product of the other. General comparisons of the spectra for compounds (3), (4), (7) and 
(10) reveal that AgLn (n = 1, 2, 3) and AgOmL2 (m = 1, 2) are common fragments and in 
all cases AgOL was found (in contrast to PMe3 adducts). Additionally dinuclear fragments 
Ag2L2-l, Ag2OHL2, Ag2(0 2CR)L2, Ag2RL3 were found in several spectra, the latter 
fragment perhaps indicating a decarboxylation pathway. Finally, aryloxide fragments 
Ag20 R (0 2CR)Ln-l (n = 0, 1) were identified within the spectrum of (10).
2.2.6 Thermal Analysis Studies
Compounds (2), (3), (4), (6), (7), (9) and (10) were investigated using thermal analysis studies 
(Table 2-7) to give an indication of the temperatures at which decomposition may be expected 
to start. In this regard, the data may also suggest information concerning the relative stability 
of the compounds. The mass of residue remaining at the completion of the experiment may also 
indicate that the compound exhibits a measure of volatility if the observed mass of residue is 
less than would be expected.
In general, the trimethylphosphine adducts started to decompose at lower temperatures than 
triphenylphosphine adducts. Typically starting at 25 to 75°C and complete by 235-270°C, in 
the case of compounds (2) and (6), decomposition was stepwise with loss of some ligand before 
loss of carboxylate and the remaining ligand, no doubt due to the high volatility of PMe3. In the 
triphenylphosphine complexes, decomposition started at higher temperatures but was
Table 2-7 Thermal analysis data, silver(I) carboxylate adducts.
D e c o m p o sitio n  tem p eratu re  (°C) Wt lo s s  (%) at e a ch  s ta g e R es id u e  rem ain ing  (%) Liberated
C om p ou n d s t a r t a m axim a b en d  c ca lcu la ted found ca lcu la ted found o rg a n ic  s p e c ie s  d
A g 0 2CCH3.(PM e3)2 (2) 25 74 148 47 .69 34 .36 PMe3
148 221 235 18.50 35.15 33.81 29 .72 o 2c r
A g 0 2CCH3.(PPh3)2 (3) 186 193 200 ---- none e
208 288 300 84.4 87 .57 15.6 12.43 everything
A g 0 2CCH3.(PPh3)3 (4) 150 289 300 88 .69 86.25 11.31 13.75 everything
A g O ^ B u ^ P M ea^ (6) 70 117 140 21.1 13.51 ---- PMe3
140 163 186 21.1 14.30 PMe3
186 233 250 27 .99 42 .56 29.81 29 .63 o 2c r
A g 0 2C*Bu.(PPh3)2 (7) 200 308 332 85.3 84.37 14.7 15.63 everything
A g 0 2C-Me3CeH2.(PM e3)2 (9) 76 254 271 73.11 73 .74 26 .89 26 .26 everything
A g 0 2C-Me3C6H2.(PPh3)2 (10) 85 120 163 9.6 13.20 CH2CI2 solvent
250 280 300 59.5 65 .48 30 .9 21 .32 everything
a temperature corresponding to the onset of decomposition b temperature at which the rate of weight loss at a given stage was at a maximum 
0 temperature at which decomposition was complete d suspected organic species liberated during the decomposition e endothermic change with no weight loss
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completed in a narrower temperature range, typically beginning in the range 200-250°C and 
completed by 330°C. The tris complex (4) started decomposing at a lower temperature (150°C) 
but the characteristics of the weight loss are very similar to those found with the related bis 
complex (3). Finally, an endothermic change was observed with compound (3) before the onset 
of decomposition, which may be due to melting.
2.3 SINGLE CRYSTAL X-RAY STRUCTURE DETERMINATION OF 
A g(02CCH3)(PPh3)2(3)
Crystallographic quality crystals of compound (3) A g02CCH3.(PPh3)2, were obtained from a 
saturated solution of (3) in toluene at room temperature. The crystals were found to be stable 
both to light and to atmosphere; data collection was carried out at room temperature. A short 
note has reported the preliminary single crystal X-ray investigation of compound (3 ),155 
although the full crystal structure has never been published. Unit cell dimensions and other 
crystal parameters are comparable with those already reported.
The crystal structure as determined by single crystal X-ray diffraction consists of independent 
monomeric molecules, two of which make up the asymmetric unit. The two molecules found in 
the asymmetric unit are essentially the same with only a small number of differences apparent, 
presumably due to packing effects. Silver atoms are found in a pseudo-tetrahedral arrangement 
with two triphenylphosphine ligands and chelating acetate groups (Figure 2-11). One phenyl 
group in the molecule containing Ag(2) exhibited a 39% disorder. This compound is iso- 
structural with the copper(I) analogue previously reported.167 Chelating (non-bridging) 
carboxylate groups bound to silver in the presence of phosphines have only been described
Figure 2-11 Structure of molecule 1 of complex (3), Ag(02CCH3)(PPh3)2
previously in three reported structures, those of; [Ag(02CH)(PPh3)2] , 154 [Ag(02CH)(PPh3)2] 
2HC02H 154 and [Ag(02CCH3)(dppm)]2.2CHCl3 (dppm = Ph2PCH2PPh2) .156 Other silver 
carboxylate phosphine adducts generally have carboxylate groups in bridging 152,153,156,157 or 
unidentate 156-158 bonding modes.
Silver-phosphorus bond lengths (2.429-2.464 A) are comparable to other Ag-P bonds found in 
phosphine adducts of silver carboxylates (2.35-2.52 A). Similarly C-0 bond lengths (1.233- 
1.251 A) are also in the expected range for chelating carboxylates (1.21-1.28 A). Variations 
occur between the silver-oxygen bond lengths for the two molecules of the asymmetric unit.
Silver-oxygen distances for Ag(l), are found to be very similar (2.416 and 2.437 A) indicating 
a symmetrical chelate. The differences between silver-oxygen bonds bound to Ag(2) are found 
to be more pronounced (2.378 and 2.512 A), indicating a less symmetrical chelating acetate 
group. There appears no obvious crystallographic reason for this difference. These Ag-0 
distances however are all comparable with those found in the formate complex [Ag(02CH) 
(PPh3)2] (2.425 A) but less than those found in [Ag(02CH)(PPh3)2].2HC02H and 
[Ag(02CCH3)(dppm)]2.2CHCl3. In these cases a carboxylate oxygen also interacts with 
H C02H or CHC13 molecules via hydrogen bonds, reducing electron density at the oxygen and 
increasing Ag-0 to 2.55-2.71 A.
Comparing the geometry around silver, a decrease in the OAgO bond angle is accompanied by 
consequent increase in other angles, particularly the largest angle PAgP. Complex (3) in this 
respect is similar to [Ag(02CH)(PPh3)2] where the OAgO angle is 53.1° and the PAgP angle 
126.9°. Relevant bond distances and angles are summarised in Table 2-8, further data are 
provided in Appendix A4-1.
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Table 2-8 Complex (3), relevant bond lengths (A) and angles (°).
Molecule 1 Molecule 2
Ag(1)-P(1) 2.452(4) Ag(2)-P(3) 2.429(3)
Ag(1)-P(2) 2.433(3) Ag(2)-P(4) 2.464(4)
Ag(1)-0(1) 2.437(6) Ag(2)-0(3) 2.378(7)
Ag(1)-0(2) 2.416(6) Ag(2)-0(4) 2.518(9)
C(37)-0(1) 1.233(9) C(75)-0(3) 1.246(11)
C(37)-0(2) 1.251(8) C(75)-0(4) 1.239(10)
P(1)-Ag(1)-P(2) 129.7(2) P(3)-Ag(2)-P(4) 124.0(2)
0(1)-Ag(1)-0(2) 53.4(2) 0(3)-Ag(2)-0(4) 52.7(3)
0(1)-C(37)-0(2) 122.7(7) 0(3)-C(75)-0(4) 122.2(8)
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2.4 FILM  GROWTH RESULTS
Compounds (2) - (7), (9) and (10) were tested for potential use as CVD precursors, the 
compounds being screened using purpose-built equipment at the University of Bath. For a full 
description of the apparatus and procedures, the reader is directed to Appendix 6. This section 
includes a brief summary of results obtained from the characterisation of grown films. The 
results are collected into Tables 2-9 and 2-10.
The films were grown under fixed conditions at 310°C and 1 bar pressure in a nitrogen 
atmosphere. Samples were dissolved in THF, nebulised and passed over the heated substrate 
(glass). Typically 0.4-0.8 g of sample was dissolved in 25-40 cm3 of THF, experimental 
growth times were dependent on N2 (carrier) flow rates (typically 0.7-1.2 Lmin'1) and varied 
between 10-30 minutes. The resulting films were found to be soft and although well adhered to 
the substrate, could be scratched or damaged relatively easily by touching. Films were 
examined using a number of techniques; visual inspection, scanning electron microscopy 
(SEM), conductivity and reflectance measurements. Additionally Energy Dispersive X-ray 
Spectroscopy (EDXS) was used to identify elements in the film and to estimate film thickness.
Silver pivalate (5) was shown not to grow films, either by itself or in the presence of an excess 
of 1,5-cod to allow solubilisation to occur. All of the phosphine adducts of silver(I) 
carboxylates showed an ability to generate films although film thickness and quality was 
variable between precursors. All of the trimethylphosphine adducts [(2), (6) and (9)] were 
capable of producing films of measurable thickness, triphenylphosphine adducts with the 
exception of (7) did not.
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Compounds (2) and (6) produced the thickest films at the highest growth rates (14.4, 13.7 
Amin'1) although these films were not reflective on the coating side (1.1 and 0.7%).
Compounds (7) and (9) produced thinner coatings at much reduced growth rates (5.7, 4.1 
Amin'1) but these were significantly more reflective (22.2, 46.6%). This suggests a correlation 
between growth rates and reflectance under these conditions. Remaining compounds generated 
thin, discontinuous or non-conducting films for which thickness estimates could not be made. 
Films grown with precursor (4) gave a thin but reflective (49.7%) coating, remaining films [(3) 
and (10)] were of poor reflectivity (17.5, 17.6%).
Films grown from (2) and (6), i.e. the thickest films grown at the highest growth rates, 
appeared to be comprised of a thick mat of crystalline material (Plates 2-1 to 2-4). A 
significant fraction of these coatings appears to be made up of voids and pockets and this no 
doubt contributes to its poor reflectivity. The films grown from other precursors did not exhibit 
these surface features, coatings grown from (7) appeared very uniform in comparison (Plates 
2-5, 2-6).
EDXS techniques could not provide accurate quantitative analysis of impurities although this 
technique has the ability to highlight possible contaminants. Carbon impurities were detected in 
all of the films where films were thick or conducting enough for analysis. In addition trace 
phosphorus was detected in films grown from (2) and (6), those grown at the highest growth 
rates (both PMe3 adducts). Trace phosphorus impurities reported in the literature have been 
detected in films grown from PEt3 adducts of silver p-diketonates, although not PMe3 adducts. 
There remains some difficulty in confirming the presence of oxygen in the films, due to their 
thin nature. The EDXS technique detected appreciable levels of Si and O (among others) from 
the glass substrate, thus the presence of O in the film was neither proved or disproved.
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Sheet resistance measurements could only be obtained from films grown with precursors (2) 
and (6), i.e. the thickest films. Sheet resistance per 25 mm square were measured as 17 x 106 
and 168 Q/D respectively. The resistance of remaining films could not be measured, these can 
be described as having infinite resistance.
Table 2-9 Appearance of silver films grown from silver(I) carboxylate adducts.
C om p ou n d v isu a l a p p ea ra n ce SEM ap p ea ra n ce D etec ted  Im purities a’b 
(EDXS)
P late
A g 0 2CCH3(PMe3)2 (2) thick greyish film, reflective in p laces even film consisting of a thick 
mat of crystals
C, P (trace) 2-1, 2-2
A g 0 2CCH3(PPh3)2 (3) transparent dark grey film non-conducting film —
A g 0 2CCH3(PPh3)3 (4) transparent but reflective silver film 
over a sm all area
thin, discontinuous or non­
conducting film
—
A g 0 2ClBu(PMe3)2 (6) thick whitish film, grey in so m e  areas, 
reflective in others, notably downstream
level film com prised of a thick 
mat of crystals
C, P (trace) 2-3, 2-4
A g 0 2CtBu(PPh3)2 (7) silver reflective film, partially 
transparent
very sm ooth film C 2-5, 2-6
A g 0 2C-CeH2Me3(PMe3)2 (9) silver reflective film on entire substrate rough undulating surface C
A g 0 2C-C6H2Me3(PPh3)2 (10) transparent brown film thin, discontinuous or non­
conducting film
C
a the presence of oxygen in the films was masked by oxygen detected in the glass b trace quantities were at the limits of detection of this instrumentation










Sheet Resistance b 
(Q/D)
A g 0 2CCH3(PMe3)2 (2) 288 20 14.4 1.1 20.7 17 x 106
A g 0 2CCH3(PPh3)2 (3) . . . 37 — 17.5 6.5 00
Ag02CCH3(PPh3)3 (4) — 23 — 49.7 30.6 00
Ag02CtBu(PMe3)2 (6) 273 20 13.7 0.7 42.8 168
Ag02CtBu(PPh3)2 (7) 80 14 5.7 22.2 9.7 OO
Ag02C-C6H2Me3(PMe3)2 (9) 91 22 4.1 46.6 31.1 oo
Ag02C-C6H2Me3(PPh3)2 (10) — 20 — 17.6 7.3 OO
a X = 550 nm corresponding to the peak in the eye response curve b sheet resistance was measured over a 25 mm square
Plate 2-1 Scanning Electron Micrograph at 1 OkV of a silver film obtained from the 
AACVD of Ag02CMe(PMe,)2 (2). bar = 10 pm.
Plate 2-2 Scanning Electron Micrograph at lOkV of a silver film obtained from the
AACVD of A g02CMe(PMe3)2 (2). bar = 1 pm.
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Plate 2-3 Scanning Electron Micrograph at lOkV of a silver film obtained from the 
AACVD of AgC^C'BuiPMcy): (6). bar = 10 pm.
Plate 2-4 Scanmng Electron Micrograph at lOkV of a silver film obtained from the
AACVD of AgC^C'BuiPMe^ (6). bar = 1 pm.
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Plate 2-5 Scanning Electron Micrograph at lOkV of a silver film obtained from the 
AACVD of Ag02ClBu(PPh3)2 (7). bar = 10 pm.
Plate 2-6 Scanning Electron Micrograph at 1 OkV of a silver film obtained from the
AACVD of AgO:C'Bu(PPh02 (7), bar = 1 pm.
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2.5 EXPERIMENTAL
The synthesis of silver(I) acetate - A g02CCH3 (1)
A solution of silver nitrate (3.7 g, 21.8 mmol) in 20 cm3 of distilled water was added to a 
solution of sodium acetate (1.7 g, 21.1 mmol) in 20 cm3 of distilled water. The precipitate was 
filtered immediately in air, washed with distilled water, ethanol and diethyl ether, and dried in 
vacuo. Yield 2.26 g, 64 %.
Analysis : found (calculated for C2H30 2Ag) C, 14.3 (14.4); H, 1.76 (1.81); Ag, 66.7 (64.6) %. 
IR (Nujol mull) 1200-1800 cm 1: 1345w, 1422sh, 1514b. !H NMR (d6-DMSO) 5; 1.8 (s,
-CH3). 13C NMR (d6-DMSO) 6; 174.8 (0 2C-), 22.2 (-CH3).
The synthesis of OyO'-acetatobis(trimethylphosphine)silver(I) -  Ag02CCH3(PMe3) 2 (2)
Silver acetate (1) (0.4 g, 2.3 mmol) was suspended in benzene (15 cm3) and stirred. To this was 
added 3.5 equivalents of trimethylphosphine as a solution in toluene (1M soln., 8 cm3, 8 mmol). 
The solution cleared immediately on addition of the phosphine. The solvent and excess 
phosphine were removed in vacuo to give a brown precipitate in quantitative yield. On contact 
with air the compound reverted to a slightly brown - clear oil.
Analysis : found (calculated for C8H2]0 2AgP2) C, 30.8 (30.1); H, 6.46 (6.63) %. IR (Nujol
mull) 1200-1800 cm 1: 1261w, 1283, 1339w, 1404sb, 1574sb. !H NMR (CDC13) 6; 1.78 (s,
100
3H, 0 2CCH3), 1.25 (s, 18H, PMeA ,3C NMR (CDC13) 5; 180.8 (0 2C-), 15.8 (d, 11.1 Hz, 
PMe3). 31P NMR (20°C, CDC13) 5; -36.4.31P NMR (-80°C, CDC13/CH2C12) 5; -43.4 (dd, 268 
Hz), -38.8 (br). 109Ag NMR (-80°C, CDC13/CH2C12) 5; 772.
The synthesis of 0 ,O r-acetatobis(triphenylphosphine)silver(l) - Ag02CCH3(PPh3) 2 (3)
Silver acetate (1) (1.7 g, 10.3 mmol) and triphenylphosphine (5.4 g, 20.6 mmol) were 
suspended in 35 cm3 of toluene. The mixture was stirred for 18 hours, filtered in air and dried 
in vacuo. Yield 6.1 g, 85 %.
Analysis : found (calculated for C38H330 2AgP2) C,65.9 (66.0); H, 4.78 (4.81) %. IR (Nujol 
mull) 1200-1800 cm"1: 1308w, 1331w, 1396w, 1553s. IR (hexachlorobutadiene mull) 1200- 
1800 cm"1: 1283w, 1310w, 1333w, 1399w, 1435sh, 1480sh, 1561. ]H NMR (CDC13) 5; 7.41- 
7.22 (m, 3OH, CeHs), 2.01 (s, 3H, O2CCH0. 13C NMR (CDC13) 5; 177.6 (0 2C-), 133.6 (d, 8.3 
Hz, PPh3), 132.4 (d, 11.9 Hz, PPh3), 129.7 (PPh3), 128.5 (d, 4.6 Hz, PPh3). 31P NMR (20°C, 
CDC13) 5; 8.01.31P NMR (-80°C, CDC13/CH2C12) 5; 7.6 (dd, 490 Hz). 109Ag NMR (-80°C, 
CDC13/CH2C12) 5; 907 (t, 489 Hz).
The synthesis o f 0,0'-acetatotris(triphenylphosphine)silver(I) - A g02CCH3(PPh3) 3 (4)
Silver acetate (1) (1.67 g, 10 mmol) was added to a solution of triphenylphosphine (9.18 g, 35
mmol) in 50 cm3 of toluene. The silver acetate was washed in with a further 5 cm3 of toluene.
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The flask was stoppered and the contents stirred in the absence of light for 24 hours. The pale 
cream precipitate was filtered in air, sucked dry and further dried in vacuo. Yield 7.82 g, 82 %.
Analysis : found (calculated for C56H480 2AgP3) C, 68.7 (70.52); H, 4.90 (5.07) %. IR (Nujol 
mull) 1200-1800 cm'1: 1325w, 1435sh, 1563. (hexachlorobutadiene mull) 1200-1800 cm'1: 
1310w, 1326w, 1381, 1406w, 1435sh, 1480sh, 1565sb. ]H NMR (CDC13) 5; 7.36-7.02 (m, 
45H, CeHs), 2.00 (s, 3H, OzCCHa). 13C NMR (CDC13) 5; 174.8 (0 2C-), 133.7 (d, 8.3 Hz, 
PPh3), 133.2 (d, 10.1 Hz, PPh3), 129.6 (PPh3), 128.5 (d, 4.6 Hz, PPh3), 22.2 (-CH3). 31P NMR 
(20°C, CDC13) 5; 5 .79.31P NMR (-80°C, CDC13/CH2C12) 5; 7.4 (d, ~ 450 Hz), 4.9 (dd, 256 
Hz).
The synthesis o f silver pivalate -  Ag02CC4H9 (5)
Pivalic acid (5.0 g, 49 mmol) was suspended in 100 cm3 of distilled water and stirred 
vigorously with gentle warming. The acid was solubilised with concentrated ammonia solution, 
then gently warmed to remove excess ammonia. The reaction mixture was filtered to remove 
unreacted acid and impurities found in the acid. Silver nitrate (8.5 g , 50 mmol) was dissolved 
in 25 cm3 of distilled water and added to the solution resulting in an immediate thick white 
precipitate, which was filtered immediately in air. The precipitate was washed with distilled 
water followed by ethanol and diethyl ether and dried in vacuo for 3 hours. Yield 9.2 g, 88%.
Analysis : found (calculated for C5H90 2Ag) C, 28.6 (28.7); H, 4.35 (4.3) %. IR (Nujol mull)
1200-1800 cm'1: 1217wb, 1352sh, 1366sh, 1399sh, 1512sb, 1526w, 1564w. ]H NMR (d6-
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DMSO) 5; 1.12 (s, CM c). 13C NMR (d6-DMSO) 5; 182.0 (0 2C-), 29.0 (-CMeA 109Ag NMR 
(20°C, d6-DMSO) 5; 303.
The synthesis o f 0,0'-pivalatobis(trimethylphosphine)silver(I) - A g02CC4H9(PMe3)2 (6)
Silver pivalate (5) (1.2 g, 5.5 mmol) was suspended in 15 cm3 of toluene and stirred under a 
nitrogen atmosphere. To this was slowly added 3 equivalents of a 1 Molar solution of 
trimethylphosphine in toluene (17 cm3, 17 mmol). The solid was solubilised on addition of 
approximately one equivalent of phosphine. The reactants were stirred in the absence of light 
for 24 hours. Solvent and excess ligand were removed in vacuo to give a brown crystalline 
solid. Yield 1.40 g, 70%.
Analysis : found (calculated for Ci]H2702AgP2) C, 34.8 (36.7); H, 7.82 (7.56) %. IR (Nujol 
mull) 1200-1800 cm'1: 1219, 1283, 1304w, 1362s, 1401, 1422, 1557sb, 1653. ’HNM R 
(CDC13) 5; 1.25 (s, 18H. PMeV). 1.11 (s. 9 R  -CMeA I3C NMR (CDC13) 6; 184.7 (0 2C-),
39.4 (-CMe3), 28.6 (-CMeA 15.3 (d, 8.3 Hz, PMeA 31P NMR (20°C, CDC13) 6; -39.1.3,P 
NMR (-80°C, CDC13/CH2C12) 5; -38.2 (br).
The synthesis of OfO'-pivalatobis(triphenylphosphine)silver(I) - A g02CC4H9(PPh3) 2 (7)
Silver pivalate (5) (0.2 g, 1.0 mmol) and triphenylphosphine (1.0 g, 4.0 mmol) were suspended 
in 25 cm3 of toluene. The whole was stirred in the absence of light for 24 hours. The reaction
103
mixture was filtered in air, washed with 2 cm3 of toluene, sucked dry and further dried in 
vacuo. Yield 0.38 g, 52 %.
Analysis: found (calculated for C4iH390 2AgP2) C, 66.9 (67.1); H, 5.31 (5.36) %. IR (Nujol 
mull) 1200-1800 cm 1: 1225w, 1406w, 1435sh, 1477sh, 1543sh. IR (hexachlorobutadiene 
mull) 1200-1800 cm'1: 1308, 1356, 1402, 1435sh, 1479sh, 1495w, 1562b. NMR (CDC13) 
5; 7.45-7.22 (m, 30H, C & ),  123 (s, 9H, -CMe3). 13C NMR (CDC13) 5; 185.2 (0 2C-), 133.9 
(d, 18.4 Hz, PPh3), 132.5 (d, 27.6 Hz, PPh3), 129.9 (PPh3), 128.6 (d, 9.2 Hz, PPh3), 39.4 (- 
CMe3), 28.7 (-CMe,). 31P NMR (20°C, CDC13) 5; 8.51.31P NMR (-80°C, CDC13/CH2C12) 6; 
7.75 (dd, 480 Hz). 109Ag NMR (-80°C, CDC13/CH2C12) 5; 931 (t, 484 Hz).
The synthesis of silver mesitylate - Ag02CC6H2Me3 (8)
Mesitylenecarboxylic acid (3.3 g, 20 mmol) was suspended in 60 cm3 of distilled water and 
stirred with gentle warming. The acid was solubilised by addition of a few drops of 
concentrated ammonia solution, until the solution was faintly ammoniacal. The solution was 
gently warmed to remove excess ammonia and filtered to remove unreacted acid. Silver nitrate 
(3.6 g, 21 mmol) in 10 cm3 of distilled water was added resulting in an immediate white 
precipitate. The product was filtered in a i r , washed with distilled water, ethanol and diethyl 
ether and dried in vacuo for 3 hours. Yield 5.25 g, 96 %.
Analysis : found (calculated for C9H n 0 2Ag) C, 44.0 (41.73); H, 4.11 (4.28) % . IR (Nujol
mull) 1200-1800 cm'1: 1393b, 1441b, 1557bs, 1613w. *HNMR (d6-DMSO) 5; 6.76 (m, 2H,
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0 2C-Ar-H), 2.23 (m, 6 H, o-Q2C-Ar-Meh 2.20 (m, 3H, /w-02C-Ar-Me). 13C NMR (d6-DMSO) 
6 ; 174.3 (0 2C-), 139.0 (-C ^M es), 135.1 (-C ^M es), 132.4 (-C ^M ea), 127.5 (-C ^M ea), 
20.7 (-C*H?MeA 20.1 (-C«H,MeA 109Ag (20°C, d6-DMSO) 5; 266.
The synthesis of 0,0'-mesitylatobis(trimethylphosphine)silver(I) - 
A g02CC6H2Me3(PMe3) 2 (9)
Silver mesitylate (3.46 g, 13.4 mmol) was suspended in 20 cm3 of toluene. The mixture was 
stirred under a dry nitrogen atmosphere. To this was slowly added a 1 Molar solution of 
trimethylphosphine in toluene (40 cm3, 40 mmol, 3 equivalents). On addition, the mixture 
cleared to a solution, which was then stirred in the absence of light for 3 hours. The solvent 
was then removed in vacuo to give a light brown precipitate. Yield 5.32 g, 97 %.
Analysis : found (calculated for Ci5H2902AgP2) C, 45.3 (43.8); H, 7.11 (7.11) %. The 
compound was successfully recrystallised from a heptane-dichloromethane solvent mixture, 
although analysis results were no closer. Analysis : found (calculated for Ci5H290 2AgP2) C,
45.4 (43.8); H, 7.21 (7.11) %. IR (Nujol mull) 1200-1800 cm 1: 1287, 1304w, 1435, 1564. IR 
(hexachlorobutadiene mull) 1200-1800 cm'1: 1286, 1387s, 1422, 1431. ]H NMR (CDC13) 5; 
6 .6 6  (m, 2H, 0 2C-Ar-H), 2.27 (m, 6 H, o-Q2C-Ar-Me), 2.14 (m, 3H, p-Q2C-Ar-Me), 1.30 (s, 
18H, PMeV). 13C NMR (CDC13) 5; 176.5 (0 2C-), 140.5 (-C6H2Me3), 135.1 (-C6H2Me3), 132.5 
(-C6H2Me3), 127.8 (-C6H2Me3), 20.9 (-CTTMeA 20.3 (CJTM eA 16.1 (PMe3). 31PNM R 
(20°C, CDCI3) 6 ; -39.6.31P NMR (-80°C, CDCl3/CH2Cl2) 5; -38.0 (d, ~ 500+ Hz). 109Ag 
NMR (-80°C, CDC13/CH2C12) 5; 834.
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The synthesis of 0 ,0  -mesitylatobis(triphenylphosphine)silver(I) - 
A g02CC6H2Me3(PPh3) 2 (10)
Silver mesitylate (1.87 g, 6.9 mmol) was suspended in 25 cm3 of toluene and stirred. To this 
was added two equivalents of triphenylphosphine (3.62 g, 13.8 mmol) resulting in a thick 
cream precipitate. The reagents were stirred for 6 8  hours in the absence of light and filtered in 
air. The precipitate was sucked dry and further dried in vacuo for several hours. Yield 5.15 g,
6.5 mmol, 94 %.
Analysis : found (calculated for C46H420 2 AgP2) C, 68.5 (69.35); H, 5.15 (5.31) %. The 
compound was satisfactorily recrystallised from a toluene-dichloromethane solvent mixture to 
give poor quality crystals approximating to the compound as a 1:1 dichloromethane solvate. 
Analysis : found (calculated for C47H4402AgP2Cl2) C, 64.0 (64.0); H, 4.69 (5.0) %. IR (Nujol 
mull) 1200-1800 cm"1): 1304wb, 1435sh, 1479wsh, 1545sh, 1574wsh. IR (hexachloro 
butadiene mull) 1200-1800 cm"1: 1312w, 1385sh, 1435ssh, 1482sh, 1545ssh. 'HN M R 
(CDC13) 6 ; 7.35-7.15 (m, 30H, PPh3), 6.65 (m, 2H, 0 2CAr-H), 2.16 (m, 6 H, o-OsC-Ar-Me). 
2.00 (m, 3H. p-OoC-Ar-Me). ,3C NMR (CDC13) 5; 176.9 (0 2C-), 139.5 (-C6H2Me3), 134.8 
(-C6H2Me3), 133.8 (d, 8.3 Hz, PPh3), 133.1 (d, 9.2 Hz, PPh3), 132.6 (-C6H2Me3), 129.8 
(PPI13), 128.7 (d, 4.6 Hz, PPh3), 127.2 (-C6H2Me3), 20.9 (-CJTMeO. 19.4 (-CJTMeA 31P 
NMR (2 0 °C, CDCI3) 5; 5.56.31P NMR (-80°C, CDCI3/CH2CI2) 6; 7.98 (dd, 497 Hz). 109Ag 
NMR (-80°C, CDCI3/CH2CI2) 6; 895 (t, 503 Hz).
CHAPTER THREE
SYNTHESIS, CHARACTERISATION AND CVD PROPERTIES OFSILVER(I) 
FLVOROCARBOXYLA TES AND THEIR PHOSPHINE ADDUCTS
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3.1 INTRODUCTION
Silver fluorocarboxylates have found similar applications to their non-fluorinated analogues, 
such as in organic synthesis.104,105 In addition, they have found applications as NMR shift 
reagents.168,169 Silver fluorocarboxylates were among the first silver carboxylates to be 
structurally characterised, the structures of the perfluorobutyrate and trifluoroacetate reported 
in 1955 and 1972, respectively. Recently silver fluorocarboxylates and various adducts have 
been prepared in connection with chemical vapour deposition studies.170,171
Earlier studies, as outlined in Chapter 2, had identified the possibility of using silver(I) 
carboxylates as CVD precursors and attention was subsequently focused on the use of 
perfluorinated carboxylate ligands. The use of fluorine in ligands has long been known to have 
a beneficial effect on precursor volatility, due to the reduction in van der Waals interactions. 
Additionally, fluoroalkyl silver compounds are known to be considerably more stable than their 
alkyl counterparts and as these organosilver species are thought to be formed in situ via 
decarboxylation, it was reasoned that the increased stability of transient fluoroalkyl silver 
species might have a beneficial effect on film growth.
Silver fluorocarboxylates are also thought to decompose via decarboxylation 108 and this 
degradation has been implicated through mass spectrometry,111,113 thermal109’110,170 172 and 
photochemical decomposition 109 studies. It has been suggested that this pathway may differ 
mechanistically from non-fluorinated carboxylates 110 as quantitative yields (80%) of coupling 
products are also produced in the reaction (Eqn 3-1).
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A
2CF3(CF2)nC02Ag ► CF3(CF2)n-(CF2)nCF3 + 2CO> + 2Ag (3-1)
The decomposition of silver perfluorobutvrate has been studied in some detail. 11(1 Mechanisms 
which have been suggested involve formation of an anhydride and silver oxide as a primary 
step, with further degradation of the anhydride catalysed by silver oxide and reduction to the 
metal by reaction with CO (Eqn 3-2).
2 C 3 F 7 C 0 2A g - - - - - - - - - - - - - - - - - -    ►  ( C 3 F 7 C 0 ) 2 0  + A g 2 0  (3 -2 )
( C 3 F 7 C 0 ) 2 0   ►  /7- C Q F 1 4  + C 0 2  + C O
A g 2 0  + C O  - - - - - - - - - - - - - - - - - - -  ►  C 0 2  + 2A g
In addition to the suggested mechanistic differences in decomposition routes, in this study silver 
fluorocarboxylates have been found to exhibit different physical characteristics as compared to 
unfluorinated silver carboxylates. They show increased volatility and solubility over their non- 
fluorinated analogues, as shown in mass spectrometry and film growth experiments. Indeed the 
addition of phosphines has been shown to have a detrimental effect on film growth rates, 
whereas it is essential in the case of non-fluorinated silver carboxylates. For these reasons 
silver fluorocarboxylates will be dealt with in this chapter as a separate topic. A number of 
sections of the preceding chapter will also apply here, specifically those concerning synthesis 
(2.1.1), general structural chemistry (2.1.2) and infra-red spectroscopy (2.2.2). This short
109
introduction will be limited to a brief summary, attention being largely directed at literature 
specifically relevant to silver fluorocarboxylates.
3.1.1 Synthetic Routes
Silver fluorocarboxylates are quite easy to prepare and are relatively stable to light, air and 
moisture at room temperature when in the solid phase. They are, however, known to be 
susceptible to photolysis by ultra-violet light at 25°C when in solution.109 Stability may be 
greatly enhanced by the formation of adducts with Lewis bases, for example phosphines.
A number of silver(I) fluorocarboxylates are commercially available. Synthesis may be effected 
by a number of routes as outlined in 2.1.1. Where the fluorocarbon chain is short, the 
fluorocarboxylic acids are reactive enough to allow direct reaction with silver oxide (synthetic 
route II). As fluorinated chain length is increased, carboxylic acids become less soluble in 
aqueous solution and less acidic, thereby precluding direct reaction with silver oxide. In the 
case of longer chain fluorinated carboxylic acids, solubilisation with ammonia and precipitation 
of the silver salt with silver nitrate (synthetic route III) is a suitable alternative.
3.1.2 Structural Chemistry
Silver(I) fluorocarboxylates are also known to take up structures based upon the eight 
membered dimeric bis(silver)bis(carboxylato-0,0  ^  rings common in silver(I) carboxylate 
structures. Structures for silver carboxylates and the related betaines have been classified in the
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literature as Types A-D, Ej and E2 (Figure 2-1). 114 Examples of silver fluorocarboxylates in 
the literature exist as Types A, B and a modified Type D Silver fluorocarboxylates are notably 
more soluble and volatile in comparison to their non-fluorinated analogues and this suggests 
that inter-dimer bonds are weaker than the bonds within the eight membered rings. For example 
silver trifluoroacetate and silver perfluorobutyrate are reported to be soluble in benzene 142 174 
and this contrasts with non-fluorinated silver carboxylates prepared in this study which were 
insoluble except in very polar solvents (e.g. DMSO).
Silver(I) trifluoroacetate, as structurally determined in 1972, is reported as a Type A dimeric 
structure (Figure 3-1), with no mention of additional bridging silver-oxygen bonds. 173 Two 
slightly different dimers were found in the unit cell and this was confirmed by 19F NMR of 
crystals of Ag02CCF3 at 40 K. Silver trifluoroacetate is known to be very soluble in a wide 
range of solvents including water which also indicates no more than very weak aggregation into 
a polymeric structure.
O
Figure 3-1 Crystal structure of silver (I) trifluoroacetate, 173 (Type A).
cv  Ag
Figure 3-2 Crystal structure of silver trifluoroacetate benzene adduct, 142 (Type D), 
(a) silver carboxylate chain, (b) interaction with benzene.
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Recrystallisation of silver trifluoroacetate from benzene results in a change from dimeric Type 
A to a polymeric Type D structure (Figure 3-2). Half of the silver atoms show additional 
bonding to a benzene via a 7c-interaction and other benzene molecules exist as independent 
molecules in the crystal lattice. 142 The formation of the silver trifluoroacetate chain in the 
adduct (Ag02CCF3)2.C6H6 is presumably due to electronic considerations since sterically a less 
oligomeric adduct structure might be expected. The Ag-Ag distance in the benzene solvate is 
comparable to that in the unsolvated silver trifluoroacetate. However Ag-0 bond lengths are on 
average slightly longer in the adduct where they additionally bridge across dimers. The 
(Ag02CCF3)2 dimer is reported as essentially flat but the benzene adduct has a highly puckered 
chain that allows-7t bonds to benzene molecules in a sterically less crowded underside.
Figure 3-3 Partial crystal structure of silver(I) perfluorobutyrate,174 (Type C).
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Silver(I) perfluorobutyrate has also been described as dimeric (Figure 3-3). 172 although closer 
examination of the original publication 174 reveals that each silver atom additionally interacts 
with oxygens from two neighbouring dimers, resulting in a Type C structure. Bond lengths for 
these interactions are of the order of 2 . 6  A ,  within the range of these bond lengths found in 
Type C silver carboxylate structures (2.5-2.7 A ) .  Due to the age of the publication, bond 
distances and angles are not as accurately determined as in later structures, however the 
bis(silver)bis(carboxylato-0,O ') ring appears essentially flat. This structure is also interesting 
in view of the fact that this compound is known to exist as dimers in benzene solution. 174
The only remaining structurally characterised silver fluorocarboxylate adduct in the literature 
contains the donor ligand 2,2-dimethylbut-3-enyl methyl sulphide (V), which is potentially 
bidentate with bonding through the thioether sulphur and an alkene double bond. 175 The 1:1 
adduct w ith silver trifluoroacetate results in the break up of the dimeric structure in favour of 
essentially monomeric units linked by bridging silver-sulphur bonds (Figure 3-4). The 
fluorocarboxylate ligand assumes a highly unsymmetrical chelating mode (Ag-0 2.29A,
2.99A) while the ligand (V) encloses the silver centre as part of a five-membered ring. 
Additionally, the sulphur bridges to a neighbouring silver (2.632A versus 2.582A in the ring) 
to form a polymeric geometry. Fluorine atoms in the trifluoroacetate are disordered over two 





F ig u r e  3 -4  Crystal structure of (2,2-dimethylbut-3-enyl methyl sulphide)
trifluoroacetatosilver(I). 175
Silver fluorocarboxylates and their adducts have been studied by various techniques, including 
mass spectrometry, 111 113 infra-red 172 and low frequency infra-red spectroscopy. 111 NMR 150 
and thermal analysis. 110 Recent research interest in silver fluorocarboxylates and their adducts 
has led to preparation of representative compounds as potential CVD precursors by another 
research group. 171 171 In these studies a range of silver fluorocarboxylates RC02Ag f R = 
CF3(CF2)2, CF3(CF2)6, CF3(CF2)8, C6F5, C6F5CH2] and their adducts RC02Ag(PPh3) ( R = 
C2F5, C3F7, C7F15, C9F]9, C6F5, C6F5CH2) have been prepared and analysed. Additionally, the 
silver salt and 1:1 (Ag:PPh3) adduct of H 02C-C3F6-C02H has also been isolated. These 
compounds have been characterised by IR, nC NMR and 19F NMR and by thermal analysis 
under an oxygen atmosphere.
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The present study has focused on silver fluorocarboxylates A g02CR with an increasing chain 
length (R = C3F7, C6F]3, C7F]5) and their bis-triphenylphosphine adducts. These compounds 
have been structurally characterised and their use as precursors for silver film formation 
explored.
3.2 RESULTS AND DISCUSSION
3.2.1 Synthesis
A series of silver fluorocarboxylates have been prepared in which the organic group of the 
carboxylate (R) has been varied as a function of chain length (R = C3F7, C6F]3 and C7F]5) 
(Scheme 3-1). In contrast to the non-fluorinated carboxylates, these compounds exhibited an 
increased degree of volatility and solubility without addition of phosphines. Preparative yields 
were found within the range 53-77 %. Decomposition temperatures (as measured by TGA) 
showed similar thermal stabilities for non adduct silver fluorocarboxylates 250°C (11), 250°C
(13) and 275°C (15).
Bis-triphenylphosphine adducts of each of these carboxylates were prepared (Scheme 3-1). 
Adducts could be prepared by stirring with either a stoicheometric amount or an excess of 
triphenylphosphine. In cases where in excess of three equivalents of triphenylphosphine was 
added to the silver salt (12) and in cases where two equivalents of triphenylphosphine were 
added (14), (16) only the bis adducts were isolated. Recrystallisations resulted in isolation of 
the bis- adducts, no evidence was found for the presence of tris- or mono- phosphine adducts. 
Mono-triphenylphosphine adducts including 1:1 adducts of (11) and (15) have been prepared in
R - C 0 2H + Ag20
R = C3F7 (11)
R-CO^g
R-C02- NH4+ + AgN03 
R = C6F13 (13)
= c 7f 15 (15) Scheme 3-1
c 6h 5c h 3
► R-C02Ag.(PPh3)2
>2 or 2 PPh3




other recent studies using stoicheometric quantities of phosphine. 171 Preparative yields for the 
bis-phosphine adducts in this study were found within the range 52-90%. Decomposition points 
were found lower than for the parent silver fluorocarboxylate at 211°C (12) and 210°C (14). In 
the case of (16), decomposition started at the lower temperature of 160°C although above 
200°C the TGA trace appeared very similar to those obtained for other silver 
fluorocarboxylates.
3.2.2 Infra-red Spectroscopy
The arguments and limitations concerning the use of va(C02) and vs(C 02) for the structural 
assignment of silver carboxylates has been outlined in Chapter 2. On this basis, tentative 
assignments have been made for va(C 02) and vs(C02) (Table 3-1). Sharp strong peaks found 
in IR spectra of the triphenylphosphine adducts at 1435-7 cm'1 and at 1480 cm'1 are assigned to 
C-H vibrations from the triphenylphosphine and these compare well with those found in 
triphenylphosphine adducts of non-fluorinated carboxylates (Chapter 2). Av for the silver 
fluorocarboxylates is found to span a narrow range (183-193 cm'1) implying a similar 
carboxylate bonding mode in compounds (11), (13) and (15). These results are not in 
accordance with recently published IR data on several of these compounds. Compounds (11) 
and (15) prepared from Ag2C 03 and the free acid are reported as exhibiting Av of 278 and 258 
cm'1 respectively. 170 On this basis of high Av, mono-dentate bonding o f the carboxylates are 
proposed despite a literature report of a single crystal X-ray diffraction study of (11) which 
shows it to contain bridging carboxylates (Figure 3-3).174
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The values of Av are increased on formation of adducts (265-266 cm'1) for (12) and (14) and 
this is consistent with the formation of adducts for alkyl or aryl carboxylates described in 
Chapter 2. A single crystal X-ray diffraction study of compound (12) has shown that the 
perfluorobutyrate ligand takes up a symmetrical chelating mode. Compound (14) undergoes a 
similar change in Av on adduct formation implying an equivalent structural change. The infra 
red spectrum of compound (16) displays a strong, sharp band at 1692 cm'1 [assigned as 
va(C 02)], this being considerably higher than for adducts (12) and (14). The spectrum of (16) 
does not display a band due to vs(CC>2') in the expected region [vs(C 02~) = 1394 (12), 1395
(14) cm 1], the nearest assignable band being at 1360 cm 1. If  these assignments are correct then 
this suggests unidentate bonding for the carboxylate in (16) (Av = 332 cm 1), although there is 
no obvious reason why the carboxylate groups in (14) (CeFi3C 02') and (16) (C7F i5C 02) should 
bond differently. Mono adducts of compounds (11) and (13) with triphenylphosphine are 
reported to increase Av further to 340 and 317 cm'1 respectively 171 and this has also been 
attributed to unidentate bonding.
3.2.3 13 C and19F NMR Spectroscopy
Carbon-13 and fluorine-19 NMR of (11)-(16), are shown in Tables 3-2 and 3-3 respectively. In 
the 13C NMR spectra the carbonyl carbon in the carboxylate group (-C02Ag) appears at a 
higher field in the fluorocarboxylates (135.6-159.8 ppm) as compared with non-fluorinated 
carboxylates (174.3-185.2 ppm). These 13C carboxylate resonances were subject to 2J coupling 
to nearby fluorine atoms to give a low intensity triplets with 2J(F-C-C) coupling of 20-30 Hz. 
Carbon-13 resonances of CF2 and CF3 were often of low intensity caused by coupling to 
various fluorine atoms, the expected number of resonances was not observed although this may
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Table 3-1 Selected IR data (cm 1) for silver(I) fluorocarboxylates and their adducts.a
Compound Va(C02 ) vs(C02") Av b
Ag02CC3F7 c (11) 1609 1426 183
Ag02CC3F7.(PPh3)2 (12) 1660 1394 266
Ag02CCeFi3 (13) 1611 1424 187
Ag02CC6Fi3.(PPh3)2 (14) 1660 1395 265
Ag02CC7F15d (15) 1613 1420 193
Ag02CC7Fi5.(PPh3)2 (16) 1692 1360 332
3 bIR spectra w ere recorded as nujol or hexachlorobutadiene m u lls on  KBr plates Av =  
v a(C 0 2 ) - v s(C 0 2 ) c literature values v a(C 0 2 ) 1678, v 3(C 0 2')1400 , Av 278  cm '1 see  
t e x t170 d literature value v a(C 0 2 ) 1658, v s(C 0 2") 1400, Av 258  cm '1 see text 170
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indicate merging of CF2 signals. In the case of the adducts, triphenylphosphine 13C resonances 
were readily identified whereas by comparison 13C resonances from the fluorocarbon R group 
were unobserved. This was due both to the abundance of the phenyl carbon atoms and the 







Fluorine-19 NMR experiments gave the expected number of resonances and these were split by 
fluorine-fluorine coupling. Emsley 170 has reported that 3J(F-F) is of the order of 1 Hz, whereas 
4J(F-F) is around ten times this value (9.9 Hz). On this basis, the first peak in each of the 
spectra (-80.7 to -81.7) can be assigned as the terminal CF3 (coC), and the nearby resonance 
(-115.0 to -119.2) as the CF2 adjacent to the carboxylate (aC). Remaining CF2’s along the 
chain arc split by an assortment of 3J and 4J fluorine-fluorine couplings which may appear as 
slightly broadened singlets. It should be noted while resonances due to the fluorocarbon chain 
are weak and often unobserved in the 13C NMR spectra, they are however readily identified in 
the 19F NMR spectra and this is attributable to the increased sensitivity of 19F NMR.
Table 3-2 13C NMR data for silver(I) fluorocarboxylates and silver(I) fluorocarboxylate bis(triphenylphosphine) adducts.




CFn (m ultip licity, H z )a PPh3 (m ultip licity , H z )a
Ag02CC3F7 b (11) 135.6 30 89.9  (qt, 287, 30), 81 .0  (m)
Ag02CC3F7.(PPh3)2 c (12) no 6 no e no e 133.8  (d, 18.4), 133.1 (d, 18.3), 129.8, 128.7  (d, 9.2)
Ag02CC6F13 d (13) 159.8 23 .5 119.1 (m), 115.3 (m), 110.6  (m)
Ag02CCeFi3.(PPh3)2 c (14) no e eno no 6 133.8, 131.4 (d, 20), 130.4, 128.9
Ag02CC7F15 d (15) 159.0 23 118, 115, 112 (m), 108 (m)
Ag02CC7F15,(PPh3)2 c (16) eno no e no e 133.8  (d, 16.6), 131 .9  (d, 27.6), 130.2, 128.8  (d, 9.2)
a d = doublet, qt = quartet of triplets, m = multiplet b NMR experiments on compound (11) were recorded as D2O solutions c NMR experiments on compounds (12), 
(14) and (16) were recorded as CDCI3 solutions d NMR experiments on compounds (13) and (15) were recorded as d6-DMSO solutions e no = not observed
Table 3-3 19F NMR data for silver(I) fluorocarboxylate and silver(I) fluorocarboxylate bis(triphenylphosphine) adducts.
19F p ea k s (m ultip licity , Hz)
C om p ou n d  aC F 2 d G0CF3 d o th er  CF2
A g0 2CC3F7 a (11) -119 .2  (q,, 8 .1) 1 CO 8 .1) -128 .3
A g0 2CC3F7.(PPh3)2 6 (12) -117 .3  (q, 9.3) -81 .2  (t, 9 .2) -127 .3
A g0 2CCeFi3 c (13) -115 .0  (t, 12 .1 ) -80 .7  (t, 9 .9) - 121 .8 , - 12 2 .2 , -123.0 , -126.1
A g 0 2CC6F13.(PPh3)2 b (14) -116 .4  (t, 12.7) -81 .3  (t, 9 .7) -122.3 , -122.9 , -123.3 , -126 .6
A g0 2CC7Fi5 0 (15) -115.1 (t, 11 .2 ) -80 .9  (t, 8 .7) - 121 .8 , -122.3, -122.4 , -123 .1 , -126 .4
A g 0 2CC7Fi5.(PPh3)2 b (16) -116 .4  (t, 12.7) -81 .3  (t, 9 .8) - 12 2 .1 , -122.5 , - 122 .8 , -123 .1 , -126 .6
a NMR experiments on compound (11) were recorded as D2O solutions b NMR experiments on compounds (12), (14) and (16) were recorded as 
CDCI3 solutions c NMR experiments on compounds(13) and (15) were recorded as d6-DMSO solutions d q = quartet, t = triplet
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3.2.4 31P  a n d 109Ag Multinuclear NMR Spectroscopy
Adducts (12), (14) and (16) were also investigated using31P NMR. At room temperature these 
spectra were observed as broad resonances consistent with rapid ligand exchange of phosphines 
in solution, as is noted in the literature for phosphine adducts of a variety of silver salts 
including Ag02CCF3 150 and for non-fluorinated silver carboxylate-phosphine adducts (Chapter 
2). Rapid dissociation also explains the absence of !J(Ag-31P) coupling. The 31P chemical shift 
differences between the complexes and the free phosphine are denoted A5 and this parameter is 
largely independent of the carboxylate ligand. A8 values range from 10.9 to 15.4 ppm. This is 
also consistent with results from similar bis-triphenylphosphine adducts in Chapter 2 (A5 10.8 
to 13.8 ppm).
Silver-109 resonances were identified for five of the six compounds, the exception being (16). 
The 109Ag NMR spectra for the silver fluorocarboxylates (11), (13), (15) were recorded as d6- 
DMSO solutions at room temperature. Although significantly more soluble in organic solvents 
than alkyl and aryl silver carboxylates, a strong donor solvent was necessary to achieve higher 
concentrations suitable fo r109Ag NMR. These three compounds gave signals in the narrow 
range 171 to 173 ppm. Observation of 109Ag NMR spectra of the adducts was not possible at 
room temperature and cooling was required to slow ligand exchange and permit resolution of 
ij(3ip_io9Ag) coupling At -80°C, adducts (12) (Figure 3-5) and (14) gave almost identical 
spectra, triplets observed at 823 ppm with 1 J(31P-109Ag) of 524 Hz. The 109Ag resonances were 
shifted upfield by some 650 ppm on complexation by two triphenylphosphine ligands 
(compared with 630 ppm shifts observed with non-fluorinated silver carboxylates). Phosphorus 
- silver coupling values are consistent with literature values as determined in 31P NMR 
studies.177 For [AgX(PR3)n] silver - phosphorus spin-spin coupling 'j(Ag-P) has been shown
Table 3-4 31P and 109Ag NMR data for silver(I) fluorocarboxylates and silver(I) fluorocarboxylate bis(triphenylphosphine) adducts.
C om p oun d 8 31P a 
(ppm )






Ag02CC3F7 (11) — . . . 173 c . . .
Ag0 2CC3F7.(PPh3)2 (12) 5.7 10.94 823 d 524
Ag02CCeFi3 (13) . . . . . . 171 c . . .
Ag02CCeFi3.(PPh3)2 (14) 10.2 15.44 823 d 523
Ag02CC7Fi5 (15) . . . . . . 173 c . . .
A g0 2CC7Fi5.(PPh3)2 (16) 8.9 14.14 no d e . . .
a 31P N M R  experim ents on compounds (12), (14) and (16) were recorded as CDCI3 solutions at 20°C b A8 defined as the difference betw een chem ical shift o f  the 
com plexed phosphine compared to the free phosphine (for PPI13 8 = -5.24 ppm) c 109Ag NM R experiments on compounds (11), (13) and (15) were recorded as 
d6-DM SO solutions at 20°C d 109A g N M R  experiments on compounds (12), (14) and (16) were recorded as CH2CI2/CDCI3 solutions at -80°C e no = not observed.
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to be highly dependent on n [X = 0 2CCF3, R = />-C6H5CH3, lJ(,09Ag-3,P) = 265 (n = 4), 357 (n 
= 3), 519 (n = 2)]. 177 The 'j(Ag-P) coupling constant has also been correlated with percent s 
character in the Ag-P bond and the magnitude of the P-Ag-P angle. 177 A full summary of the 
31P and 109Ag NMR results is given in Table 3-4.
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< 'J(s'P-”Ag) = 524 H z ---------- >
Figure 3-5 ,09Ag NMR spectrum for Ag(02CC3F7)(PPh3)2 (12).
3.2.5 Mass Spectrometry
In order to determine the extent of oligomerisation and to provide preliminary data on possible 
decomposition routes, samples were submitted for FAB(LSIMS) mass spectrometry studies. 
Results from the fluorocarboxylates and their adducts are given in Tables 3-5 and 3-6 
respectively. Of particular interest are silver-containing fragments identifiable as a result of 
observable patterns associated with isotopic abundances of silver-107 and silver-109 atoms
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(Appendix 2). Mass spectrometry results in the literature are limited to silver fluoro­
carboxylates containing smaller chains (R = CF3, C3F7) . in*113
Mass spectrometry investigations on compound (11) have revealed several prominent features: 
I) The presence of Ag20 2CR and the lack of higher oligomers of this fragment concur with 
previous studies ni*113 and suggest a dimeric based structure. The structure of this compound 
has been previously reported 174 and consists of [Ag(02CC3F7)]2 dimeric rings linked by Ag-0 
bonds. This result therefore indicates that the Ag-0 bonds within the dimeric fragment are 
significantly stronger than those linking the dimers. II) The presence of Agn (n = 2, 3) and 
Agn(0 2CC3F7) (n = 3, 5, 7) fragments in the spectra indicate the formation of ions containing 
metal - metal bonds. Agn fragments have been identified in other studies of this compound but 
Agn(0 2CC3F7) fragments have not (except where n = 2). U1,113 A low intensity Ag3(0 2CC3F7)2 
peak has also been previously observed. 113 A diagram showing the observed cluster at m/z 754 
is shown in Figure 3-6 (i) along with the theoretical pattern imposed by the isotopic abundances 
of silver atoms in both Ag5(0 2CC3F7) (ii) and Ag3(0 2CC3F7)2(iii). Ill) The presence of Ag2F 
(the highest abundant silver containing peak) and Ag3F2 indicates that silver - fluorine species 
may be a final end product, if this is the case then fluorine incorporation into CVD grown films 
may be a problem.
Mass spectral investigations of compounds (13) and (15) gave spectra which were different to 
that obtained for (11), with less silver-containing fragments observed. The spectrum of (13) 
revealed a number of fragments containing silver and fluorocarbon residues as organometallics 
or carboxylates, these fluorocarbon species however were shorter than the C6F]3 found in (13) 
being C2F5 and C3F7. The mass spectra of all three silver fluorocarboxylates contained a single 
high abundance organic fragment at m/z 285, this has been assigned to C5FnO+. Species such
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as this might be formed by the breakup of perfluorobutyric anhydride species that have been 
proposed as intermediates in the decomposition of silver fluorocarboxylates.110
Mass spectrometry studies on the triphenylphosphine adducts (12), (14) and (16) gave results 
markedly different from those of the parent fluorocarboxylates. As observed in the case of 
triphenylphosphine adducts of alkyl or aryl carboxylates (Chapter 2), these spectra were 
dominated by AgLn and AgOLn type fragments (L = PPh3, n = 1,2). Fragmentation of 
triphenylphosphine also occurred resulting in PPh2 which was also identified in the spectra. 
This fragmentation of PPh3 is as reported in the literature.178 The few fragments containing 
fluorocarbon in the presence of silver were low in abundance. In contrast to the non-fluorinated 
adducts, fragments detected in the spectra of compounds (12), (14) and (16) were found to 
contain C3F6 and C3F7 as the only non-phosphine fragments bound to silver. The lack of silver 
carboxylate species in these spectra may indicate that decarboxylation is more readily 
accomplished in the presence of phosphine ligands than when absent.
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Fragment mass Fra^nent mass
Figure 3-6 1) Selected area of the FAB mass spectrum of compound (11),
ii) calculated pattern for Ag5(0 2CC3F7), iii) calculated pattern for Ag3(0 2CC3F7)2.
129
Table 3-5 Selected mass spectrometric data for silver(I) fluorocarboxylates (Ag02CR). a
(11) b (13)c (15) d
F ragm ent io n s m /z % m /z % m /z %
C3F70(CF2)2 285 49 285 100 285 100
Ag 107 2 107 24 107 18
AgC2 — — 131 15 — —
AgCF2CF3 — — 226 14 — —
A g (0 )0 2CC3F7 — — 336 5 — —
A g2 214 5 — — — —
A g2F 233 8 — — — —
A g20C C 3F7 411 1 __ — — - -
Ag202C C 3F7 427 2 — — — —
Ag3 321 5 — — — —
Ag3F2 359 <1 --- — --- —
Ag302C C 3F7 538 e 2 — — — —
Ag502CC3F7 754 e 1 — — — —
Ag702CC3F7 970 e <0.5 — — 970 e 3 .5
Other fragm ents — — 629  f 10 679  9 5
— — 641 f 5 — —
a based on 107Ag, b R = C3F7, base peak m/z 109 (not containing Ag) 0 R = C6F13 d R = C7F15 
e peaks were found as a cluster, m/z is given as the major central signal of the cluster 
f recognised by isotopic pattern as containing one silver atom 9 recognised by isotopic pattern 
as containing no silver atoms
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Table 3-6 Selected mass spectrometric data for silver(I) fluorocarboxylate bis 
(triphenylphosphine) adducts [Ag02CR.(PPh3)2] . a







PPh — — 108 27 108 14
PPh2 183 44 183 82 183 45
PPh3 262 43 262 92 262 29
AgOC3F7 292 2 292 8 — —
A g(PPh3) 369 100 369 100 369 86
A gO (PPh3) 385 6 385 18 385 4
A g(PPh3)2 631 73 631 97 631 100
A gO (PPh3)2 647 5 647 27 647 8
A g(PPh3)(PPh2)2 — — — — 739 <1
A gO (PPh3)(PPh2)2 — — — — 757 1
A g2(PPh3)2OF — — 773 17 773 1.6
A g(PPh3)3C3F6 — — — — 1043 0.5
Ag2(PPh3)3C3F6 — — — — 1151 1.8
Other fragm ents — — 917 e 4 — . . .
a based on 107Ag b R = C 3 F 7  c R = C < > F i3  d R = C 7 F i 5  e recognised by isotopic pattern as 
containing two silver atoms
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3.2.6 Thermal Analysis Studies
Compounds (11) - (16) were investigated using thermal gravimetric techniques under an inert 
(He) atmosphere (Table 3-7). The experiments were carried out to give an indication of the 
temperatures at which decomposition might be expected to start and to suggest the relative 
thermal stabilities of this range of compounds. The thermal gravimetric analysis (TGA) data 
presented here may be compared with recent TGA results published for silver fluoro­
carboxylates 170 and their adducts 171 obtained in an oxygen containing atmosphere.
TGA of silver fluorocarboxylates (11), (13) and (15) revealed a single thermal degradation 
stage, starting between 250-275°C and complete by 365-380°C, maximum rates of 
decompositions being in the region 350-370°C. The TGA of both (11) and (15) in air are 
reported to show a two step degradation with 10-15 % weight lost between 140-350°C 
followed by the remainder of the weight lost between 350-470°C. 170
Bis(triphenylphosphine) adducts of silver fluorocarboxylates (12), (14), (16) start to 
decompose at a lower temperature (160-210°C), the decompositions being complete by 280°C. 
There is no evidence that decomposition occurs in discrete steps although (14) and (16) 
exhibited two maxima in the rate of weight loss. This may be indicative of a competing 
decomposition reaction having greater influence as the temperature is increased. These adducts 
were found to decompose at lower temperatures (maximum rates of decomposition 217-243°C) 
than the similar bis(triphenylphosphine) adducts of non-fluorinated silver carboxylates 
(maximum rates of decomposition 280-308°C) (Chapter 2). Decomposition temperature ranges 
were narrower in the case of silver fluorocarboxylate bis(triphenylphosphine) adducts
Table 3-7 Thermal analysis data for silver(I) fluorocarboxylates and silver(I) fluorocarboxylate bis(triphenylphosphine) adducts.
D eco m p o sitio n  tem p eratu re  (°C) R esid u e  rem ain ing  (%)
C om p ou n d  s t a r t a m a x im a b e n d 0 c a lc  % A g d fou nd
Ag02CC3F7 (11) 250 367 380 33.6 24 .5
Ag02CC3F7(PPh3)2 (12) 211 243 270 12.8 15.1
Ag02CCeFi3 (13) 250 351 365 22.9 21 .4
Ag02CCeF-i3(PPh3)2 (14) 210 221, 238 267 10.8 7.0
Ag02CC7Fi5 (15) 275 361 370 20 .7 20 .3
Ag02CC7Fi5(PPh3)2 (16) 160 217, 243 280 10.3 12.1
a temperature corresponding to the onset of decomposition b temperature at which the rate of weight loss is at a maximum 
c temperature at which decomposition is complete d calculated % mass of silver in undecomposed compounds
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compared to non-fluorinated carboxylate bis(triphenylphosphine) adducts (Chapter 2) and 
mono(triphenylphosphine) adducts of (11) and (15) (decomposition range 165-400°C). 171
The mass of residue remaining at the completion of the experiment was as expected for silver 
metal as the only final decomposition product. However in the case of (11) only 75% of the 
expected mass of residue was observed. This may be explained by partial sublimation of (11) 
during the TGA experiment.
3.3 SINGLE CRYSTAL X-RAY STRUCTURE DETERMINATION OF 
A g02CC3F7(PPh3)2 (12)
Crystallographic quality crystals of compound (12) were obtained by slow evaporation at room 
temperature of a toluene-ethanol solvent mixture. The crystals were found to be light, air and 
moisture stable.
Single crystal X-ray diffraction studies of compound (12) have revealed a monomeric structure 
with one molecule per asymmetric unit. The structure exhibits a chelating carboxylate group 
and two triphenylphosphine donors per silver centre (Figure 3-7) similar to that determined for 
compound (3) [Ag02CCH3.(PPh3)2] (Figure 2-11). This appears to be the first report of a 
structure containing silver simultaneously bonded to a fluorocarboxylate group and phosphine 
ligands. However a number of publications discuss structures of silver complexes containing 
chelating carboxylates with additional phosphine ligands: i.e. [Ag02CH(PPh3)2],154 
[Ag02CH(PPh3)2] 2HC02H 154 and [Ag02CCH3.(dppm)]2 (where dppm = Ph2PCH2PPh2) . 156
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Figure 3-7 Structure of Ag02CC3F7.(PPh3)2 (12).
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152 153 156 157Other silver carboxylate-phosphine adducts have carboxylates in bridging * * ’ or
unidentate 156 158 bonding modes.
Ag-0 bond lengths are noticeably longer in (12) (2.495 and 2.532 A) when compared to a 
mean value of 2.44 A in (3). This is consistent with electron withdrawal from the oxygens by 
the electronegative C3F7 group. Lengthening of the Ag-0 bond is also found where oxygen is 
hydrogen bonded to other species. 154,156 The Ag-0 bond lengths in (12) suggest a symmetrical 
chelating carboxylate, comparable to molecule 1 in (3) but more symmetrical than molecule 2 
in (3). The Ag-P bond lengths (2.43A) are well within the expected range (2.352-2.521A) for 
triphenylphosphine bound to silver although slightly shorter than found in compound (3). The 
stronger Ag-P bonds in (12) are consistent with weaker Ag-0 bonds.
Carbon-oxygen bond lengths are also found to be slightly shorter in (12), 1.201 and 1.232 A, 
as compared to a mean value of 1.24 A for (3) and 1.21-1.28 A for chelating Ag02CR in 
general. This may be explained by the inductive effect of the C3F7 group withdrawing electron 
density from the Ag-0 bonds. Longer Ag-0 bonds in (12) compared to (3) have the effect of 
reducing the O-Ag-O angle from 53.1° in (3) to 51.3° in (12), whereas P-Ag-P increases from 
126.9° in (3) to 129.3° in (12). Relevant bond distances and angles are summarised in Table
3-8, further data including atomic coordinates are provided in Appendix A4.2.
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Table 3-8 Complex (12), relevant bond lengths (A) and angles (°).
Ag(i)-P(i) 2.436(2) Ag(1)-P(2) 2.430(2)
Ag(i)-0(1) 2.495(5) Ag(1)-0(2) 2.532(5)





3.4 FILM  GROWTH RESULTS
Compounds (11) - (16) were tested for potential use as CVD precursors. A full description of 
apparatus and film growth procedures is given in Appendix 6. This section includes a brief 
summary of results obtained from the characterisation of grown films. The results are collected 
in Tables 3-9 and 3-10.
Films were grown under fixed conditions of 300°C in a nitrogen atmosphere at 1 bar pressure. 
Precursors were delivered to the gas phase as an aerosol of the compound dissolved in THF 
and swept into the reactor using nitrogen as a carrier gas. Films were grown on glass 
substrates. Coating growth times were dependent on the volume of solvent used and diluent 
flow rates and were of the order of approximately 30 minutes. Typically 0.5-1.0 g of precursor 
was dissolved in 25 cm3 of THF with nebuliser carrier flow rates were of the order of 1.0-1.2 
Lmin'1. The films were found to be soft and although well adhered to the substrate they could 
be scratched, or damaged by touch relatively easily. Films were examined using a number of 
techniques including visual inspection, scanning electron microscopy (SEM), conductivity and 
reflectance measurements. Additionally Energy Dispersive X-ray Spectrometry (EDXS) was 
used to confirm the elemental composition of the films and to estimate the film thickness.
By simple visual inspection, films grown from the adducts appeared more reflective and 
uniform than those grown from the corresponding fluorocarboxylates without phosphine 
ligands. This observation was supported by scanning electron microscopy, a number of 
examples of which are included (Plates 3-1 through 3-6). A number of photographs show 
crystalline material embedded into the film, Ag02CC3F7 (11) being a good example (Plate 3-1). 
It should also be noted that the adducts had a significantly reduced growth rate [2.1-3.2 A m in1
Table 3-9 Appearance of silver films grown from silver(I) fluorocarboxylate and
silver(I) fluorocarboxylate bis(triphenylphosphine) adduct precursors.
C om p ou n d V isual a p p ea ra n ce SEM a p p ea ra n ce D etec ted  im p u rities a' b 
(EDXS)
P la tes
Ag02CC3F7 (11) thick white film very rough surface includes 
crystalline material in film
C 3-1
A g 0 2CC3F7(PPh3)2 (12) silver film with brown tinge very sm ooth surface C, F (trace) ---
AgC>2CC6Fi3 (13) heavy deposition but not reflective 
matt in p laces with white areas
quite rough surface C, F 3-3, 3-5
Ag02CCeFi3(PPh3)2 (14) silver film with slight 
brown tinge
sm ooth surface C, F (trace) 3-4, 3-6
AgO20C7Fi5 (15) silver film, whitish, 
slightly matt appearance
roughish surface C, F (trace) 3-2
A g02C C 7Fi5(PPh3)2 (16) uniform silver film 
slightly matt
quite sm ooth surface C, F (trace) --
a the presence of oxygen in the films was masked by oxygen detected in the glass b trace quantities were at the limits of detection of this instrumentation
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in (12), (14) and (16)] compared to the fluorocarboxylates themselves [from 3.0-9.0 A min'1 in 
(11), (13) and (15)]. This may represent a correlation between slower growth rates and 
superior morphology (Section 1.2.2). The highest estimated growth rate was 9 A min'1 for 
Ag02CC6Fi3(13), the lowest 2.1 A min'1 for Ag02CC3F7(PPh3)2 (12). This apparent order of 
growth rate is interesting in view of the fact that as shown by TGA results (Section 3.2.6), 
silver fluorocarboxylate adducts decompose at a lower temperature than the parent silver 
fluorocarboxylates.
EDXS could not provide accurate quantitative analysis of film composition or impurities. 
Carbon impurities were detected in all of the samples analysed, fluorine contaminants were 
identified in all of the films except that grown from (11). Embedded crystalline deposits in the 
film grown from (11), observed by SEM at xlOOO magnification (Plate 3-1), could not be 
identified further, similar but less dramatic crystalline deposits could be seen with films (14), 
(15), and (16) (Plate 3-6) although only at higher magnifications (xl0,000). Phosphorus could 
not be detected in any of the coatings. There remains some difficulty in confirming the presence 
of oxygen in the film. Due to the thin nature of films, the EDXS technique detected appreciable 
levels of Si and O (among others) from the glass substrate. The presence of oxygen in the films 
themselves has therefore not been either proved or disproved.
In terms of reflectance ability from the coating surface, the adducts gave films with superior 
qualities, this confirming the expected correlation against surface morphology. Each adduct 
gave an improvement over its parent fluorocarboxylate. For example Ag02CC6Fi3(PPh3)2 (14) 
gave the most reflective film. This film was able to reflect 46 % of an incident beam of light 
(A, = 550 nm), whereas its parent fluorocarboxylate, Ag02CC6Fi3 (13) gave a poorly reflecting 
film at 4.9 %. Of the six films, only three were thick enough to conduct electricity appreciably
Table 3-10 Properties of silver films grown from silver(I) fluorocarboxylate and








% Reflectance b 
Coating Glass
Sheet Resistancec
( Q / D )
Ag02CC3F7 (11) 90 30 3.0 0.5 42.5 4.2
Ag02CC3F7(PPh3)2 (12) 65 31 2.1 6.8 8.1 00
Ag02CC6Fi3 (13) 260 29 9.0 4.9 29.8 14.5
Ag02CC6F13(PPh3)2 (14) 90 33 2.7 45.9 34.9 oo
Ag02CC7F15 (15) 220 46 4.8 18.1 36.5 2.7 x106
Ag02CC7Fi5(PPh3)2 (16) 95 30 3.2 20.4 19.8 00
a film thickness was estimated using EDXS techniques (5 kV, 5 x 10'8 A), see Appendix 3 b X = 550 nm corresponding to the peak in the eye response curve 
c sheet resistance was measured over a 25 mm square
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and hence give a resistance low enough to be measurable. Since films of approximately the 
same estimated thickness gave very different resistance measurements, [an example being the 
comparison of compounds (11) and (14)], it might assumed that in some cases the conductivity 
is also dependent on other factors, for example the film grown from (11) also contained 
appreciable levels of crystalline impurity embedded in the film.
Plate 3-1 Scanning Electron Micrograph at 15 kV of a silver film
obtained from the AACVD of AgCECCiFy (11). bar = 10 pm
Plate 3-2 Scanning Electron Micrograph at 15 kV of a silver film 
obtained from the AACVD of Ag0 2CC7Fi5 (15). bar = 10 pm
Plate 3-3 Scanning Electron Micrograph at 5 kV of a silver film 
obtained from the AACVD of AgO;CC6F13 (13). bar = 10 pm
Plate 3-4 Scanning Electron Micrograph at 15 kV of a silver film 
obtained from the AACVD of Ag02CC6F,3(PPh3)2 (14). bar = 10 pm.
Plate 3-5 Scanning Electron Micrograph at 5 kV of a silver film 
obtained from the AACVD of AgCfCCiFn (13). bar = 1 pm.
Plate 3-6 Scanning Electron Micrograph at 15 kV of a silver film
obtained from the AACVD of Ag02CC6Fi3(PPh3)2 (14). bar = 1 pm.
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3.5 EXPERIMENTAL
The synthesis of silver perfluorobutyrate -  Ag02CC3F7 (11)
Silver oxide (1.0 g, 4.3 mmol) was added to a stirred solution of perfluorobutyric acid (1.65 g, 
7.7 mmol) in distilled water. After stirring for 30 minutes, the solution was filtered to remove 
unreacted silver oxide. Solvent and unreacted acid were removed in vacuo over four hours to 
leave a dry white solid. Yield 1.67 g, 68%.
Analysis: found (calculated for C^C^Ag): C, 14.9 (14.9) %. Mp 298°C (by DSC). IR (Nujol 
mull) 1200-1800 cm'1 : 1225b, 1287, 1343shs, 1426shw, 1609s, 1669b. ,3C NMR (d6-DMSO) 
5; 135.6 (m, 30 Hz, C 02), 89.9 (qt, 287, 30 Hz, CFn), 81.0 (m, CFn). ,9F NMR (d6-DMSO) 6; 
-81.7 (t, 8.1 Hz, CF3), -119.2 (q, 8.1 Hz, aCF2), -128.3 (CF2). ,09Ag NMR (20°C, d6-DMSO) 
5; 173.
The synthesis of 0,0'-perfluorobutyratohis(triphenylphosphine)silver(l) -  
A g02CC3F7(PPh3) 2(12)
Silver perfluorobutyrate (11) (0.4 g, 1.3 mmol) was stirred in toluene (50 cm3) with an excess 
of triphenylphosphine (2.0 g, 7.9 mmol). The mixture was stirred in the absence of light for 24 
hours. The resulting cream precipitate was filtered in air, washed with 2 cm3 of toluene, sucked 
dry and further dried in vacuo. Yield 0.55g, 52 %. The compound was recrystallised from a 
toluene-ethanol solvent mixture.
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Analysis : found (calculated for C4oH3oF702AgP2): C, 56.9 (56.8); 3.44 (3.58) %. Mp 186°C 
(by DSC). IR (Nujol mull) 1200-1800 cm’1: 1208sh, 1229sh, 1267w, 1312w, 1343shw,
1437sh, 1659ssh. IR (hexachlorobutadiene mull) 1200-1800 cm"1: 1208sh, 1229sh, 1265w, 
1312w, 1343, 1395w, 1435sh, 1480sh, 1659sh. ,3C NMR (CDC13) 5; 133.8 (d, 18.4 Hz,
PPh3), 133.1 (d, 18.3 Hz, PPh3), 129.8 (PPh3), 128.7 (d, 9.2 Hz, PPh3). 19F NMR (CDC13) 5; 
-81.2 (t, 9.2 Hz, CF3), -117.3 (q, 9.3 Hz, aCF2), -127.3 (CF2). 31P NMR (20°C, CDC13) 5; 5.7 
(br). 109Ag NMR (-80°C, CDC13/CH2C12) 5; 823 (t, 524 Hz).
The synthesis of silver perfluoroheptanoate - Ag02CC6F13 (13)
Perfluoroheptanoic acid (3.0 g, 8.3 mmol) was suspended in 30 cm3 of distilled water and 
vigorously stirred. The acid was solubilised with a few drops of concentrated ammonia 
solution. The solution was stirred and gently warmed to remove excess ammonia. A solution of 
silver nitrate (1.4 g, 8.4 mmol) in 10 cm3 of distilled water was added. This resulted in a fine 
white precipitate which was filtered in air and dried in vacuo. Yield 3.0 g, 77%.
Analysis : found (calculated for C7Fi30 2Ag): C, 17.7 (17.8) %. Mp 282°C (by DSC). IR 
(Nujol mull) 1200-1800 cm"1: 1233b, 1366, 1424, 1460, 1578, 1611s, 1660.13C N M R (d6- 
DMSO) 5; 159.8 (m, 23.5 Hz, 0 2C-), 119.1 (m, CFn), 115.3 (m, CFn), 110.6 (m, CFn). 19F 
NMR (d6-DMSO) 6; -80.7 (t, 9.9 Hz, CF3), -115.0 (t, 12.1 Hz, aCF2), -121.8 (CF2), -122.2 
(CF2) , -123.0 (CF2) , -126.1 (CF2). ,09AgNMR (20°C, d6-DMSO) 5; 171.
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The synthesis o f  0,0'-perfluoroheptanoatobis(triphenylphosphine)silver(I) - 
A g 0 2CC6F13(PPhs)2 (14)
Silver perfluoroheptanoate (0.5 g, 1.1 mmol) and two equivalents of triphenylphosphine (0.55 
g, 2.1 mmol) were suspended in 50 cm3 of toluene. The solution was stirred in the absence of 
light for eight hours. The solution was dried in vacuo to give a white precipitate. Yield 0.94 g, 
90 %. The product was recrystallised from a toluene-ethanol solvent mixture and dried in
vacuo.
Analysis : found (calculated for C43H3oF1302AgP2): C, 51.8 (51.9); 2.94 (3.04) %. Mp 182°C 
(by DSC). IR (Nujol mull) 1200-1800 cm'1 : 1200s, 1237s, 1289w, 1310w, 1356sh, 1437ssh, 
1480ssh, 1659ssh. IR (hexachlorobutadiene mull) 1200-1800 cm'1 : 1200, 1237, 1289w, 
1312w, 1356sh, 1395sh, 1437sh, 1480sh, 1659sh. *H NMR (CDC13) 5; 7.43-7.36 (m, 20H, 
PPh3), 7.34-7.28 (m, 10H, PPh3). ,3C NMR (CDC13) 5; 133.8 (PPh3), 131.4 (d, 20 Hz, PPh3),
130.4 (PPh3), 128.9 (PPh3). 19F NMR (CDC13) 6; -81.3 (t, 9.7 Hz, CF3), -116.4 (t, 12.7 Hz, 
aCF2), -122.3 (CF2), -122.9 (CF2), -123.3 (CF2), -126.6 (CF2). 3,P NMR (20°C, CDC13) 5;
10.2 (br). 109AgNMR (-80°C, CDC13/CH2C12) 5; 823 (t, 523 Hz).
The synthesis of silver perfluorooctanoate - Ag02CC7Fls (15)
Perfluorooctanoic acid (1.0 g, 2.4 mmol) was suspended in distilled water (20 cm3) and stirred. 
The acid was solubilised with concentrated ammonia solution, until the solution was faintly 
ammoniacal. The solution was gently warmed to remove excess ammonia, filtered to remove 
unreacted acid. To this was added a solution of silver nitrate (1.8 g, 10.6 mmol) in distilled
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water (5 cm3). This resulted in a fine white precipitate, which was filtered in air, washed with 
ethanol and diethyl ether and dried in vacuo. Yield 0.7 g, 53 %.
Analysis : found (calculated for C8Fi50 2Ag): C, 18.2 (18.5) %. Mp 252-261°C (by DSC). IR 
(Nujol mull) 1200-1800 cm'1: 1204, 1237, 1296w, 1323, 1366, 1420w, 1613. IR (hexachloro- 
butadiene mull) 1200-1800 cm 1: 1204, 1237, 1296w, 1323, 1366, 1420, 1613. 13CN M R (d6- 
DMSO) 5; 159.0 (m, 23 Hz, 0 2C-), 118 (CFn), 115 (CFn), 112 (CFn), 108 (CFn). 19F NMR 
(d6-DMSO) 5; -80.9 (t, 8.7 Hz, CF3), -115.1 (t, 11.2 Hz, aCF2), -121.8 (CF2), -122.3 (CF2), 
-122.4 (CF2), -123.1 (CF2), -126.4 (CF2). 109Ag NMR (20°C, d6-DMSO) 6; 173.
The synthesis of 0,0'-perfluorooctanoatobis(triphenylphosphine)silver(I) - 
Ag02CC7Fls(PPh3)2(16)
Silver perfluorooctanoate (2.0 g, 3.8 mmol) was suspended in toluene (80 cm3) with an excess 
of two equivalents of triphenylphosphine (2.25 g, 8.6 mmol). The solution was stirred in the 
absence of light for four hours. The solvent was removed in vacuo to give a pale cream 
precipitate. Yield 3.32 g, 83 %. The compound was recrystallised from an ethanol-toluene 
solvent mixture.
Analysis : found (calculated for C44H3oFi50 2AgP2): C, 51.8 (50.6); H, 3.14 (2.89) %. Mp 
133°C (by DSC). IR (Nujol mull) 1200-1800 cm'1: 1206sb, 1242sb, 1310, 1437ssh, 1572wsh, 
1586wsh, 1692. IR (hexachlorobutadiene mull) 1200-1800 cm'1 : 1208, 1240, 1310w, 1360b, 
1435sh, 1480sh, 1692sh. *HNMR (CDC13) 5; 7.40-7.30 (m, 20H, PPh3), 7.28-7.22 (m, 10H, 
PPh3). 13C NMR (CDC13) 6; 133.8 (d, 16.6 Hz, PPh3), 131.9 (d, 27.6 Hz, PPh3), 130.2 (PPh3),
128.8 (d, 9.2 Hz, PPh3). 19F NMR (CDC13) 5; -81.3 (t, 9.8 Hz, CF3), -116.4 (t, 12.7 Hz, 
<xCF2), -122.1 (CF2), -122.5 (CF2), -122.8 (CF2), -123.1 (CF2), -126.6 (CF2). 31PNM R(20°C, 
CDC13) 6; 8.9 (br).
CHAPTER FOUR
SYNTHESIS, CHARACTERISATION AND CVD PROPERTIES OF 
PHOSPHINE ADDUCTS OF SILVER p-DIKETONATE 
AND SILVER 0-KETOIMINATE COMPLEXES
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4.1 INTRODUCTION
Research interest concerning silver p-diketonates had remained largely academic until fairly 
recently, and apart from the use of fluorinated p-diketonates in lanthamde(III) - silver(I) binuclear 
NMR shift reagents 169,179-182 these compounds have found few applications. Recent research in 
silver CVD however has revived interest in this area, as silver p-diketonates represent a large range 
of potentially volatile precursors. Metal P-diketonates are known to exhibit high vapour pressures 
and are widely employed as precursors for CVD, examples within metal CVD alone include Ru, 183 
Co, 184Rh, 185 Ir, 186 Pt, 187 Cu 188 and Au. 189 Increasingly more use is being made of silver 
P-diketonates for silver CVD, particularly adducts of silver hexafluoroacetyiacetonate (hfac). A 
brief review of silver p-diketonate CVD precursor literature is included in Chapter 1.
(VII)
r 2
The volatile nature of metal acetylacetonates was recognised as early as 1914, 190 this property 
being due primarily to the ability of the ligand (VI) to effectively crowd a metal centre. The effect 
of shielding the coordinating centre with ligand atoms from the substituents Ri and R2 reduces 
intermolecular attractions, charge, dipole, Van der Waals interactions and hydrogen bonds. These 
compounds are also known to exhibit relatively high thermal stability in the vapour phase and this 
has been attributed to the strong coordination nature of the metal-chelate core.
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Comparative studies of the volatility of metal p-diketonates have shown general trends in 
properties, dependent largely on the nature of substituent R groups. Substitution of hydrogen by 
fluorine in the organo groups Ri and R2 will increase volatility due to a reduction in van der Waals 
forces, and perhaps a reduction in hydrogen bonding.191 Where Ri or R2are straight chain alkanes, 
volatility is lowered as the length of chain is increased,192 and similarly substitution with an aryl 
group is reported to have a detrimental effect on volatility.191 Adduct formation in some cases is 
said to reduce volatility slightly but increases the thermal stability range of the compound. 192
The thermal decomposition of metal p-diketonates can take a number of potential routes;
• loss of complete ligand
• elimination of metal with one or two oxygen atoms
• elimination of metal with carbon and oxygen
• elimination of metal with R group
• elimination of metal with H or F
Mass spectrometry and thermal analysis investigations 193,194 have revealed that the particular 
decomposition reaction observed depends on a large number of factors: the metal involved, the 
nature of the ligand, temperature, pressure, the type of atmosphere (whether inert, oxidising or 
reducing) and the presence of surface catalysis.
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4.1.1 Synthetic Routes
Silver acetvlacetonate was first prepared in 1893, by the mixing of equimolar quantities of sodium 
acetylacetonate and silver nitrate (Eqn 4-1), the creamy white complex precipitating 
immediately. 195 The complex was found to be relatively unstable, but could be stored for several 
days when pure with only slight decomposition (observed as a darkening of the precipitate).
h 2 o
Na(acac) + A g N 0 3 --------------------- ► N a N 0 3 + Ag(acac) (4-1)
MeOH/MeCN .
A g N 0 3 + H(acac) + NEt3  ► Ag(acac) + Et3NH N 0 3'  (4-2)
Silver p-diketonates have recently been prepared from reactions of silver nitrate and p-diketones in 
the presence of tnethylamine in a variety of organic solvents (Eqn 4-2). 196 In a methanol- 
acetonitrile solvent mixture at (1-3°C) high purity compounds have been precipitated in high yield. 
When pure, silver p-diketonates may be stored with little decomposition at low temperatures, 
degradation occurring at a faster rate if exposed to UV light, oxygen, water, solvents or higher 
temperatures. Lewis base adducts are notably more stable, particularly in the solid state and a wide 
variety have been synthesised, various routes to these adducts having been proposed in the 
literature.
I) These compounds may be synthesised by the reaction of thallium p-diketonates with adducts of 
silver chloride. In benzene this reaction is driven by the insolubility of thallium(I) chloride
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(Eqn. 4-3). This method has been used to prepare mono- and bis- triphenylphosphine adducts of 
various p-diketonates [hcxafluoroacctylacctonatc (hfac), trifluoroacctylacctonatc (tfac), 
acetylacetonate (acac), benzoylacetonate (bzac)]. 197,198
C6H6
Tl(acac) + AgCI(PPh 3 )n  ► TICI + Ag(acac)(PPh 3 ) n (4-3)
II) A large number of olefin adducts of Ag(hfac) have been prepared in aqueous solution 199 200 
(Eqn 4-4). The olefin adducts once isolated and dried may be further reacted in organic solvents 
with stronger donors such as PR3 to displace the olefin in favour of the phosphine 98 201
(Eqn 4-5).
h 2o
A gN 03(olefin) + Na(hfac) --------------► Ag(hfac)(olefin) + N aN 03 (4-4)
P r 3
Ag(hfac)(olefin) ------------- -— ► Ag(hfac)PR3 + olefin (4-5)
hydrocarbon solvent
III) Finally, silver oxide may be reacted directly with a p-diketone (Eqn 4-6) and this reaction 
followed by addition of a Lewis base (Eqn 4-7). This synthetic route requires the p-diketone to 
exhibit a relatively high level of acidity (hfac > tfac > acac) for a quantitative reaction although
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freshly prepared silver oxide may be used to increase reactivity. Alternatively, the preparation may 
be achieved as a one-pot reaction with the Lewis base present in solution. This method has been 
reported in a number of recent publications 91 ’I01,202'206 where THF and diethyl ether are preferred 
solvents for use as these can be removed quickly in vacuo. Temperatures lower than room 
temperature have been used in some cases, as this may increase yields due to the thermally unstable 
nature of the silver p-diketonates, which are particularly vulnerable to decomposition in solution. 
This was the chosen synthetic route for compounds prepared in this study.
Et2o
Ag20  + 2H (hfac) ------------------------------► [{Ag(hfac)}2(H20 ) ]  (4-6)
-2(fc
2 L (donor ligand)
[{Ag(hfac)}2(H20 ) ]   ► 2Ag(hfac)L + H20  (4-7)
4.1.2 Structural Chemistry
The variety of bonding modes associated with P-diketonates relates to the ability of the free p- 
diketone ligand to exist as a number of different tautomers. Hydrogen atoms bonded to C3 are 
known to be acidic due to the activation by two adjacent COR groups. Loss of a proton from C3 in 
the ‘keto’ form results in a conjugate system arising from a prototropic shift to the ‘enol’ form 
(Eqn 4-8). This tautomerism gives rise to a number of potential bonding configurations for metals.
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Metal p-diketonates can be classified according to the mode of bonding encountered (Figure 4-1). 
These include the P-diketonate bonded through one oxygen as a unidentate ligand (VIII), bonded 
through two oxygens as a bidentate chelating ligand (IX), bonded through two oxygens as a neutral 
donor ligand ("keto’ form) (X), bonded through C3as a unidentate ligand (XI) or bonded with a 
double bond from an "enoF tautomer (XII). While structurally determined examples for silver are 
generally of type IX, a number of examples of silver - carbon interactions are known which may be 
described as type XI.
O O O OH
(XI) (XU)
Figure 4-1 Principal bonding conformations of p-diketone ligands with metals
Table 4-1 Structural data for silver (I) p-diketonates.
L e w is  b a s e a S tr u c tu r a l D e s c r ip t io n C o o r d in a t io n  s p h e r e  a r o u n d  A g p -d ik e to n a te  b o n d in g  m o d e  
A g - 0  A g -C
R e f
A g (h fa c) C =N M e m on om eric d istorted  trigonal ( 0 2C) y n 101
A g (h fa c ) P M e3 m onom eric distorted trigonal ( 0 2P ) y n 9 7 -9 9
A g (h fa c) S E t2 m on om eric distorted trigonal ( 0 2S ) y n 2 0 3
A g (h fa c ) 2 ( 1 ,4 -oxath ian e) m onom eric d istorted  tetrahedral ( 0 2S 2) y n 202
A g (h fa c ) 2 (P M e 3) m onom eric d istorted  tetrahedral ( 0 2P2) y n 9 7
A g (h fa c ) 1 ,5 -co d dim eric distorted sq . pyram idal ( 0 3C = C 2) y n 2 0 4
A g (h fa c ) d m co d dim eric distorted octahedral ( 0 4C = C 2) y n 2 0 6
A g (h fa c ) 1/ 2(H 20 ) H -b on d ed  and A g-C (A) d istorted sq . pyramidal ( 0 4C) y y 202
b on d ed  d im ers (B) tetragonal ( 0 3C) y y
A g (h fa c) 1/ 2(nbd) tetram er (A) d istorted  tetrahedral ( 0 4) y n 202
(B) tetragonal ( 0 3C =C ) y n
A g (h fa c ) % (SE t2) bridged tetram ers (A) d istorted tetrahedral ( 0 3S ) y n 2 0 3
(B) d istorted tetrahedral ( 0 4) y n
A g N i(a c a c )3.2 A g N 0 3.H 20 polym eric various (O i-2C o-i ( N 0 3)o-2) y y 2 0 7
[Pd2Ag(C0F5)4(acac)2](NBu4) trinuclear c lu ster linear (C 2) n y 2 0 8
a 1,5-cod = 1,5-cyclooctadiene, dmcod = 1,5-dimethyl- 1,5-cyclooctadiene, nbd = norbomadiene
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Structure determination of silver p-diketonates, usually in conjunction with CVD studies, reported 
in the literature are listed in Table 4-1. Adducts of silver hexafluoroacetylacetonate are found as 
small oligomers (monomers,97101 ’202 dimers, 204,206 tetramers, 202) or occasionally as polymeric 
structures via Ag-C bonds. 202 Additionally a number of structures exist where silver has been 
found to interact with acetylacetonate in the presence of other metals.207,208
Structures containing the hexafluoroacetylacetonate ligand (hfac) show the ligand’s ability to bind 
silver in a bidentate fashion (Type VIII). An example of this mode of bonding is shown in the 
structure of the methyl isocyanide adduct of silver hexafluoroacetylacetonate. 101 The hfac ligand 
bonds unsymmetrically through both oxygens and a distorted trigonal configuration is completed 
by C=NMe (Figure 4-2). The distortion is towards a linear O-Ag-L (L = CNMe) with the 
remaining oxygen more weakly coordinated (Ag-O: 2.250 and 2.309A, respectively). The cause of 
this distortion is unexplained, although a weak intermolecular hydrogen bond has been identified 
between a fluorine from a CF3 and a hydrogen from the methyl isocyanide (2.235 A). Similar 
distortions are observed in the structure of the related mono-trimethylphosphine adduct, although 
these have been attributed to packing effects.97 99
The 1:1 adduct of Ag(hfac) with 1,5-cyclooctadiene (1,5-cod) is reported to be a dimer (Figure
4-3).204 Unlike monomeric Cu(hfac)( 1,5-cod) 209 this compound has two distinct hfac ligands, one 
chelates and bridges two silver atoms in a p4,r|2-fashion, the other bridges the two silver atoms in a 
p2-fashion. The latter p-diketonate ligand is markedly asymmetric (Ag-O: 2.46 and 2 1 2 k)  as 
compared to the p4, rj2- p-diketonate (AgO: 2.51-2.5 8 A). The coordination spheres of the silver 
centres are completed by 7r-donor bonds from the 1,5-cod molecules.
Figure 4-2 Structure of Ag(hfac)(CNMe). 101
Figure 4-3 Structure of [Ag(hfac)( 1,5-cod)]2 204
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Dimeric Ag2(hfac)2L2 units are also to be found in the recently reported l,5-dimethyl-l,5-cyclo 
octadiene adduct (L = dmcod).206 In this case the hfac ligands again display marked asymmetry 
with respect to bonding to silver {AgO: 2.35-2.39A (short), 2.64-2.78A (long)}, however both 
hfac ligands chelate each silver and bridge between them (jj.4,r|2). Interestingly, the four methyl 
groups from the olefin are oriented towards the molecule with silver - carbon (methyl) distances of 
3.2-3.6A, forming a methylated hydrophobic cage around the two silver atoms.
The reaction of silver oxide with hexafluoroacetylacetone in THF has yielded a complex that has 
been tentatively described as [{Ag(hfac)}2(THF)].99 The reaction in diethyl ether produces a 
complex with water present as a donor ligand [{Ag(hfac)}2(H20)], 202 the structure of which has 
been determined. The compound takes up a dimeric form with two inequivalent silver atoms 
present, one chelated by the two hfac ligands, the other bridging two oxygens from different 
P-diketonates with an additional water molecule completing its coordination sphere (Figure 4-4). 
Additionally, silver atoms are subject to intermolecular silver-carbon interactions (Ag-C: 2.391, 
2.492A), the two silver atoms thus achieving a coordination sphere of tetrahedral and square- 
pyramidal geometry, respectively.
An example of silver bonded to p-diketonates solely by silver - carbon bonds is [Pd2Ag(C6F5)4 
(acac)2](NBu4), where silver atoms bridge Pd(acac)(C6F5)2 anionic fragments (Figure 4-5).208 The 
silver coordination is linear, with silver bonded only to the central carbon (C3) with a bond length 
of 2.237 A. As a result of the Ag-C bond, the C3 atom uses sp3 orbitals for bonding and the 
Pd(acac) ring loses its planarity to adopt a boat conformation. Conductivity experiments suggest 
that Ag-C bond cleavage occurs readily and reversibly in solution.
161
Figure 4-4 Structure of [ {Ag(hfac)} 2(H20 )]. 20"
Figure 4-5 Structure of [Pd2Ag(C6F5)4(acac)2](NBu4). JJS
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In addition to X-ray crystallographic studies, a number of silver p-diketonate adducts have been 
prepared and characterised by infra-red and proton NMR spectroscopy. Olefin adducts of silver 
hexafluoroacetylacetonate (hfac) prepared include those containing cyclooctatetraene, 
cycloheptene, cyclohexene,199 bicyclo [2.2.1]-2-heptene, 205 1,5-cyclooctadiene and 
cyclooctene.199 205 Additionally, the 1,5-cyclooctadiene and cyclooctatetraene adducts of silver 
trifluoroacetylacetonate have also been prepared. 199 Osmometrically determined molecular weight 
experiments indicate that these compounds exist as monomers in halogenated solvents,201 although 
a structure determination of Ag(hfac)(l,5-cod) has since shown it to be dimeric in the solid 
state.204 Infra-red studies have suggested that the p-diketonate ligand bonds via oxygen atoms.199
Triphenylphosphine adducts, Ag(p-diketonate)(PPh3)n, have been isolated (P-diketonate = hfac, 
bzac, n = 2; p-diketonate = acac, tfac, n = 1), and characterised by infra-red and proton NMR 
spectroscopy.197,198 The P-diketonate ligands were proposed to be oxygen bonded although the 
possibility of silver-carbon bonds was considered in the case of fluorinated p-diketonates. Finally, 
heats of reaction of triphenylphosphine with various Ag(hfac)olefin adducts have been determined, 
along with relative silver - Lewis base dissociation energies.201
4.1.3 Derivatives o f metal (3-diketonates
The reactive nature of the carbonyl functionalities in P-diketones allow synthetic modifications of 
the ligand where an oxygen may be substituted for a sulphur (thio-P-diketonates) or NR (p-keto- 
iminates). These modifications are fairly straightforward and provide an additional synthetic tool in 
the modification of structure and physical properties of these compounds.
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Thio-P-diketones are readily synthesised by the addition of H2S to p-diketones in alcoholic solution 
saturated with hydrogen chloride 210 (Eqn 4-9). The hydrogen chloride appears to shift the 
tautomeric equilibrium in the reaction toward the diketo form, which reacts with the hydrogen 
sulphide. In cases where Ri^R2 the attack of the hydrogen sulphide is observed to be at the 
carbonyl adjacent to the less electronegative R group and thus only one isomer is formed.211
HCI /  EtOH
Relevant reports involving thio-p-diketones include that of silver thiodibenzoylmethanate which, on 
the basis of IR work, is believed to bond through the sulphur only. “12 Additionally the silver salt of 
l,l,l-trifluoro-4-(2-thienyl)-4-mercapto-3-buten-2-one has been synthesised and is reported as 
sublimable with some decomposition (2 x 10'2 Torr, 86-112°C). 213 As silver is known to be 
thiophilic these compounds may be potentially interesting as p-diketonate ligand analogues.
P-Ketoimines are readily synthesised by condensation of a p-diketone with a primary amine NH2R. 
In many cases the condensation may be achieved with the removal of water as an azeotropic 
mixture using the Dean and Stark procedure (Eqn 4-10).214 Where the p-diketone is a stronger acid 
(notably the fluorinated analogues), acid-base chemistry predominates and this synthetic approach 
is no longer valid (Eqn 4-11). To circumvent this reaction, the sodium salt may be reacted with 
R3SiCl to give the silyl enol ether which can be further reacted with the primary amine 
(Eqn. 4-12). 214’216
RoSiOH
The preparation of P-ketoiminato complexes is a useful approach to preparing volatile compounds 
and has been used successfully in Cu and Ba CVD precursor chemistry. Variation of the R group 
attached to nitrogen allows for further steric crowding of the metal centre as shown in the CVD 
precursor copper (I)4-(isopropyl)imino-1,1,1,5,5,5-hexafluoropentan-2-onate (Figure 4-6). 216 
Additionally, the R group chosen may incorporate additional coordination sites, as for example in a 
range of barium p-ketoiminates containing appended ether 'lariats’ (Figure 4-7). In cases such as 
this the oxygen containing R’ group wraps around the metal centre to further coordinatively 
saturate the metal via intra-molecular bonds.214,2b There are no reports of silver p-ketoiminates in 
the literature.
Figure 4-6 Structure of [4-(isopropyl)imino- 
1,1,1,5,5,5-hexafluoropentan-2-onato|copper(I) 216
Figure 4-7 Structure of bisf2,2-dimethyl-5-N-(2- 
(2-methoxy)ethoxy-ethylimino)-3-hexanonato]barium(II)214
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4.2 RESULTS AND DISCUSSION
The vast majority of silver p-diketonate work published in the context of silver CVD has been 
concerned with the preparation of various adducts of Ag(hfac) and more recently Ag(fod). 96103 
The emphasis of this present work is in understanding the effect of variation of the P-diketonate 
itself in terms of molecular structure, thermal stability and film growth properties. To this end, 
mono adducts of various silver p-diketonates and p-ketoiminates have been synthesised with the 
Lewis base donor (triphenylphosphine) remaining constant.
4.2.1 Synthesis
A series of triphenylphosphine adducts of silver p-diketonates have been prepared where the two R 
groups have been varied (CH3, lBu, CF3, C3F7) (Scheme 4-1). A slight excess of the p-diketone 
was used in all the preparations, except for (17) where a larger excess was used to ensure higher 
consumption of the p-diketone ligand. The addition of one molar equivalent of triphenylphosphine 
to a silver p-diketonate, prepared in situ, produced in all cases 1:1 (Ag:PPh3) adducts except for 
(19). Preparative yields were found to be within the range of 71-86 % with the exception of (19). 
The reaction of silver oxide, Hfod and triphenylphosphine resulted in the isolation of a complex 
(19) with unexpected stoicheometry, [Ag(fod)]3 (PPh3)5, in a lower yield (28%).
The compounds (17-21) could be stored at room temperature in the absence of light for extended 
periods with only moderate decomposition (observed as darkening of the precipitate). The observed 
stability for the complexes at room temperature is in the order; hfac > tfac ~ fod > dpm > acac.
R1 = C H 3 R2 = CH3 (acac) (17) R1 = CF3 R2 = C F 3 R1 = hexyl (hfacNhex) (22)
R1 = lBu R2 = ‘Bu (dpm) (18) Ri = CF3 R2 = C F 3 R' = cyclohexyl (hfacNchex) (23)
R., = lBu R2 = C3F7 (fod) (19)
R1 = CH3 R2 = C F 3 (tfac) (20)
R1 = CF3 R2 = CF3 (hfac) (21)
all complexes were found to exhibit a 1:1 (AgiPPh-j) stoicheometry, except (19) which was formed as a 3:5 complex.
Scheme 4-1
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Initial decomposition points for the non-fluorinated silver P-diketonate adducts were considerably 
lower [(17) 150°C, (18) 140°C] than for the fluorinated compounds, [(19) 210°C, (20) 200°C,
(21) 250°C],
Two triphenylphosphine adducts of silver p-ketoiminates have been synthesised by the 
condensation reaction of [Ag(hfac)PPh3] (21) with H2NR' (R' = hexyl, cyclohexyl) (Scheme 4-1). 
Complex (21) was chosen for this reaction due to its observed higher thermal stability compared to 
the other p-diketonate adducts. The reaction was carried out using the Dean and Stark procedure in 
boiling benzene (80°C). Attempts at this reaction with toluene met with higher rates of 
decomposition due to the higher boiling point of the solvent (111°C). Direct reaction of primary 
amines with p-diketones normally results in the formation of acid-base salts (Eqn 4-10).216 
However the p-diketonate ligand is a much weaker acid and it appears that the metal may act as a 
template for the reagents. The 1:1 adducts were isolated as hydrates, as evidenced by microanalysis 
and infra-red spectra, despite the observed removal of water during the reaction over some two 
hours. Preparative yields were high (81-89%). Attempts at the recrystallisation of (22) in air 
resulted in hydrolysis and reversion to the p-diketonate adduct. Decomposition temperatures for the 
P-ketoiminato complexes [(22) 100°C and (23) 115°C] were lower than for the parent p-diketonate 
[250°C for Ag(hfac)PPh3 (21)].
4.2.2 Infra-red Spectroscopy
As in the case of carboxylates, bonding modes of the p-diketonate ligand may be distinguished 
using IR spectroscopy, through the v(CO), v(CC) and v(MO) stretching modes. On complexation
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with a metal, v(OH) due to the presence of the ‘enol’ tautomer of the free ligand is replaced by 
metal-oxygen stretching frequencies at low frequencies (300-500 cm'1) . 217 There has been some 
confusion as to the relative positions of v(CO) and v(CC) but this issue has been somewhat 
resolved with isotopic labelling studies.218 It is now widely accepted that the vibration with the 
highest v(CO) character is found at a higher frequency than that with the most v(CC) character but 
it must be recognised that significant mixing of v(CO) and v(CC) occurs in both cases. The higher 
frequency v(CO) is more readily identified over the weaker v(CC) vibration.
The position of the v(CO) and v(CC) stretching modes are found to be highly dependent on Rj and 
R2. Replacement of CH3 with CF3 is said to shift bands to higher wavenumber.219 Tentative 
assignments of v(CO) for compounds (17)-(21) (Table 4-2) confirm this; v(CO) bands for non- 
fluorinated p-diketonates (17-18) were observed at 1582-1615 cm'1, whereas v(CO) bands for 
p-diketonates containing CF3 (19-21) were found at 1661-1669 cm 1.
The observed vibrational frequency of 1669 cm'1 in Ag(hfac)PPh3 (21), is assigned as v(CO) and 
compares favourably with v(CO) found in similar compounds such as Ag(hfac)L and Cu(hfac)L 
(structurally determined as monomers), and a wide variety of Ag(P-diketonate)olefins (1660-1678 
cm'1) . 199 This would suggest that in (21) the p-diketonate also bonds to silver via the oxygens and 
this has been confirmed crystallographically (discussed further in 4.3).
Compound (19) may be compared with the related Ag(fod)PEt3 which has been studied closely 
using RAIRS (reflection absorption infra red spectroscopy) techniques and its IR spectrum 
assigned between 3000 and 930 cm'1. 100 The main v(CO) vibration in (19) was observed at 1628 
cm'1 with a shoulder at higher wavenumbers (1661 cm'1). A similar v(CO) is found in Ag(fod)PEt3
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Table 4-2 Tentative assignments of v(CO) (cm1) for silver(I) p-diketonate adducts.a
C om p ou n d
T his s tu d y  
v(CO )
R elated  data  
C om p ou n d  v(CO) R ef
A g(acac)(PPh3) (17) 1615 A g(acac)P P h3 1614s 198
C u(acac)PM e3 1587s 188
A g(dpm )(PPh3) (18) 1582 Cu(dpm)PM e3 188
[Ag(fod)]3(PPh3)5 (19) 1628ssh , 1661sh Ag(fod)PEt3 1631s 100
A g(tfac)(PPh3) (20) 1667sb A g(tfac)PPh3 1658 198
Cu(tfac)PM e3 1623s 188
A g(hfac)(PPh3) (21) 1669b Ag(hfac)PM e3 1671 98
Ag(hfac)PEt3 1674 98
Ag(hfac)CNM e 1670 101
Cu(hfac)PM e3 1672s 188
A g(hfacNhex)(PPh3) (22) 1661sh
A g(hfacN chex)(PPh3) (23) 1661sb
IR spectra were recorded as nujol and hexachlorobutadiene mulls on KBr plates
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at 1631 cm'1, and this also exhibits a medium intensity shoulder at slightly higher wavenumbers 
(the frequency was not reported). The assignments of v(CC) is at 1580 cm'1 in Ag(fod)PEt3 and an 
analogous band is found at 1586 cm"1 in (19). Such results suggest that despite a different 
stoicheometry, (19) exhibits a not dissimilar p-diketonate bonding mode to that found in 
Ag(fod)PEt3.
The infra red spectra of the silver p-ketoiminate adducts (22) and (23) can be compared with their 
parent silver p-diketonate adduct (21). A change in the frequency of the v(CO) vibration would be 
expected if an oxygen is replaced by nitrogen and such a change is observed using nujol mulls of
(22) and (23), both displaying a shift to 1661 cm"1 and this is reproducible when the compound is 
many months old (Figure 4-8). Curiously, this shift in v(CO) is not observed in hexachloro- 
butadiene mulls where the vibration is detected at 1671 and 1669 cm"1 for (22) and (23), 
respectively, close to the value observed in (21) (1669 cm"1). The p-ketoiminate compounds are 
however slightly soluble in hexachlorobutadiene and this may suggests that in solution the 
p-ketoiminate complex reverts to the p-diketonate plus free amine. Water molecules could be 
provided for this reaction either from the compound [both (22) and (23) were observed to be 
hydrates] or from ‘wet’ mulling agent. Both (22) and (23) also exhibit sharp, weak vibrations at 
3060-3275 cm"1 in nujol within the range expected for water of crystallisation (3100-3600 cm"1) 220 
rather than amine v(NH) (3300-3400 cm"1) .221
80
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Figure 4-8 Comparison of IR traces (Nujol mulls, 1750-1550 cm 1) of compounds (21)-(23), (L = PPh3).
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4.2.3 1H, 13C, a n d 19F NMR Spectroscopy
'H, 13C and 19F NMR measurements of silver(I) p-diketonate adducts gave no unexpected results. 
The presence of fluorinated R groups deshield the proton of the CH unit, as the CH is observed at 
a lower field in the ’H NMR. Consequent to this there is a increase in electron density on the 
carbon of the CH which is seen at a higher field where fluorinated R groups are incorporated.
Carbonyl resonances in the I3C NMR were relatively easily assigned except for cases of 
unsymmetric P-diketonates [(19), (20)] where two different 13C -0 resonances were observed. In 
cases such as these the carbon-13 resonance adjacent to the fluorinated group was coupled to 
fluorine atoms and consequently weaker. In the case of (19), although !H NMR integrals confirmed 
the unusual three to five (Ag:PPh3) stoicheometry of the complex, only one type of p-diketonate 
ligand was observed at room temperature in the ]H, 13C and 19F spectra.
In the case of p-ketoiminate adducts (22) and (23), ]H, 13C and 19F NMR observations were 
perturbed from expected positions for compound (21), the p-diketonate analogue. However, the 
expected resonances for C=NR could not be identified and only one resonance could be identified 
due to the CF3 in both the 13C and 19F spectra despite the fact that the carbons of the NR groups 
were identified in all spectra. Such spectroscopic data suggest that the p-ketoiminate may have 
reverted to the p-diketonate and free amine in solution, as was also suggested by IR results (4.2.2).
Table 4-3 Selected ]H and 13C NMR data for silver(I) P-diketonate and p-ketoiminate adducts.a

















'J  (C-F) 
(Hz)
A g(acac)(P P h3) (17) 5 .26 1.95 98.5 191.0 - 28 .8 - -
A g(dpm )(PPh3) (18) 5.73 1.18 90 .7 201 .5 - 27 .4 - -
[Ag(fod)]3(PPh3)5 (19) 5.71 1.12 90.6 205 .8 - 27 .9 - -
171 no c - - -
A g(tfac)(PPh3) (20) 5.50 1.99 92.8 197.0 - 30.2 119.2 289
170.1 29 .4 - - -
A g(hfac)(PPh3) (21) 6 .05 87 .9 177.5 33 .0 - 117.7 289
A g(hfacN hex)(PPh3) d (22) 5.61 86 .2 175.7 31.3 118.0 291
A g(hfacN chex)(PPh3) d (23) 5 .69 86 .0 175.4 31 .9 118.0 291
a NMR experiments were recorded as C D C I 3  solutions b X = O, NR c no = not observed d *H and 13C resonances for the NR group were identified and are listed fully in experimental
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4.2.4 31P  a n d 109Ag Multinuclear NMR
Phosphorus-31 resonances of compounds (17)-(23) were observed as broadened singlets at room 
temperature, between 9-26 ppm. The absence o f 1 J(Ag-31P) coupling indicates a significant 
dynamic equilibrium due to lability of the ligands, and this is as found in the case of phosphine 
adducts of silver carboxylates (Sections 2.2.4 and 3.2.4) and in the literature.82,98,"■222 The 31P 
NMR of recrystallised (21) however showed a sharp doublet of doublets at room temperature 
indicating that this behaviour is somewhat dependent on purity, i.e. dynamic equilibrium may be 
reduced if traces of free phosphine are absent. 1 J(109Ag-31P) coupling of 822 Hz in this case was 
comparable to that found in the I09Ag NMR spectrum at -80°C (831 Hz) and to reported values of 
1 J(107Ag-31P) observed for Ag(P-diketonate)PR3 (where p-diketonate = hfac, fod, R = Me, Et) at 
low temperature99 [,J(,07Ag-31P) = 702-760 Hz, ’j^ A g -^ P )  / ^ (^ A g -^ P )« 1.15 177].
Silver-109 resonances observed at low temperature were invariably doublets [with the exception of 
(19)] and were found in the range 513-641 ppm with ]J coupling of 720-830 Hz (Table 4-4). There 
are no reports of 109Ag NMR chemical shift values in the literature for silver(I) P-diketonates 
although the observed chemical shifts for these adducts are midway between Ag02CR and 
Ag02CR(PPh3)2 (Table 4-5). 109Ag resonances for the Ag(p-diketonate)PPh3 compounds move to 
higher field with increasing fluorination of the p-diketonate. The coupling parameters in all cases, 
except (19), are consistent with a single phosphine ligand bound to silver and compare well to 
those found in the literature; for AgX(PR3) (R = 2,4,6-trimethoxyphenyl, X = Cl, Br, I ) 1 J(109Ag- 
31P) = 745-821 H z .82
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Table 4-4 31P and 109Ag NMR data for silver(I) p-diketonate and p-ketoiminate adducts.
31P N M R a Low T em p  109A g NMR b
C om p ou n d 8 0 8 d 1J (31P-109A g ) d
(ppm ) (ppm ) (Hz)
A g(acac)(PPh3) (17) 15.1 613, d 772
Ag(dpm )(PPh3) (18) 9.1 no no
[Ag(fod)]3(PPh3)5 (19) 12.3, b 943, t 496
823, t 523
564, d 800
A g(tfac)(PPh3) (20) 10.7 560, d 809
Ag(hfac)(PPh3) (21) 26 .0  e 513, d 831
A g(hfacNhex)(PPh3) (22) 13.2
A g(hfacN chex)(PPh3) (23) 12.7 641, d 726
a NMR experiments were recorded as C D C I 3  solutions at room temperature b NMR experiments were
recorded as CH2CI2/CDCI3 solutions at -80°C c b = broad resonance d d = doublet, t = triplet, no = not 
observed e 31P NMR of recrystallised compound allowed observation o f 1 J(Ag- 31P) at room temperature as 
a doublet of doublets at 23.1 ppm, 'j(107Ag-31P) = 717 Hz, = 822 Hz
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Table 4-5 Comparison of 109Ag chemical shifts of silver(I) compounds AgX(PPh3)n.
X n = 0 n = 1 n = 2
Os^Bu 3 303 (5) 931 (7)
O2C-C6H2M63 266 (8) 895 (10)
O2CC3F7 b 173 (11) 823 (12)
o 2c c 6f 13 b 171 (13) 823 (14)
acac 613 (17)
fod c 564 (19) 823,943 (19)
tfac 560 (20)
hfac 513 (21)




Figure 4-9 109Ag NMR spectrum for (19), [Ag(fod)]3(PPh3)5.
The case for (19) is more complicated in that three resonances were identified in the 109 Ag NMR 
indicating the presence of at least three different silver environments in solution (Figure 4-9). The 
doublet at 564 ppm [1 J(31P-109Ag) = 800 HzJ is very similar to that observed for other Ag(P- 
diketonate)(PPh,) complexes (Table 4-4). The remaining resonances are observed as triplets at 943 
and 823 ppm indicating two phosphine ligands bound to each silver. Coupling constants for these 
resonances, 496 and 523 Hz respectively, concur with this conclusion and compare favourably 
with reported 'j(107Ag-31P) for Ag(hfac)(PEt3)2 (468 Hz)99 and bis(triphcnylphosphinc)silver 
carboxylates previously discussed in Chapters 2 and 3 (484-524 Hz). Since two triplets represent 
two silver atoms each bound to two phosphines, the difference in chemical shift must arise from 
bonding differences with respect to the p-diketonate. It is difficult to envisage a single molecular 
species that would give rise to this type of spectrum, although silver p-diketonate structures have 
been reported containing two, but not three, distinct silver environments (for example as shown in 
Figure 4-4). Proposals for potential molecular species consistent with this spectrum are 
complicated by the fact that in both the 'H and 13C NMR spectra only one type of p-diketonate
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ligand is observed, although it may be the case that these nuclei are so remote as to remain 
equivalent. There also remains the possibility that in solution (19) dissociates into a number of 
smaller oligomers, for instance a dimer (containing inequivalent silver atoms) and a monomer. This 
structural conundrum awaits crystallographic resolution.
The NMR spectrum of Ag(hfacNchex)(PPh3) shows an expected doublet at lower field than other 
monomeric silver(I) P-diketonate adducts (641 ppm), the 1J(31P-109Ag) coupling again being 
comparable with mono-phosphine adducts although it is the lowest observed in this group of 
compounds (726 Hz).
4.2.5 Mass Spectrometry
The FAB mass spectra of silver p-diketonate adducts (17)-(21) were found to be dominated by 
silver-triphenylphosphine fragments (Table 4-6). Fragments such as AgLn where n = 1, 2, 3 (L = 
PPh3) were identified in high abundance and (AgL3-l) was observed as a low abundance cluster at 
m/z 892 in all cases. Examples of (Ag2Ln-l) (n = 1,2) were observed in all spectra except (18) and 
AgOLn (n = 1,2) fragments were readily identified in all cases.
Low abundance p-diketonate containing fragments were identified in all compounds except (18), 
for example [Ag(P-diketonate)L2-l] in (19), Ag2(P-diketonate)L in (17) and Ag2(P-diketonate)L2 in 
(17), (19), (20) and (21). The dinuclear fragments are not necessarily indicative of dimeric species 
in the solid state as (21) has been crystallographically determined as monomeric despite showing 
dinuclear fragments in the vapour state.
Table 4-6 Selected mass spectrometric data for Ag(P-diketonate)Ln adducts. a
F ragm ent io n s








( 2 1 ) f
m /z %
PPh2 183 17 183 21 183 24 183 73 183 99
PPh3 262 15 262 24 262 10 262 42 262 48
Ag — — — — 107 5 — . . . . . . . . .
AgL 369 100 369 73 369 100 369 100 369 100
AgOL 385 3.3 385 3.0 385 3 385 5.5 385 41
AgL2 631 65 631 100 631 84 631 13 631 13
AgOL2 647 2.5 647 5 647 4.2 647 1.3 . . . . . .
(A gU -1) 9 892 5 893 0.4 892 1.1 894 0.6 892 0.5
[Ag(p-diketonate)L2-1] — — — — 925 0.2 — . . . . . . . . .
Table 4-6 Continued
(Ag2L-1) 475 1.3 — --- — — 475 1.5 475 0.7
(Ag2OL-1) 491 1.3 — — --- — . . . — . . . —
Ag2(P-diketonate)L 575 1.0 — — — - - — — — —
(Ag2L2-1) 737 0.6 — --- 737 0.2 — — 737 0.3
Ag2( p-d i keto n ate )L2 837 0.2 — — 1033 1.1 891 0.4 945 0.2
Other fragm ents 661 ' 0 .5 — — 687 n 0.4 — — — . . .
773 ' <0.1 7 7 3 ' 5 773 ' 1.3 773 ' 0 .5 . . . . . .
753  k 0.5 — — 755 k 1.1 - - . . . . . . - -
a based on 107Ag, L =  PPh3 b p-diketonate = acac, n = 1 0 p-diketonate = dpm, n =  1 d P-diketonate =  fod, n =  1.66 e p-diketonate =  tfac, n =  1 f p- 
diketonate = hfac, n = 1 9 peak was observed as a cluster, m/z is given as the major central signal of the cluster h recognised by isotopic pattern as containing 
a single silver atom 1 recognised by isotopic pattern as containing two silver atoms k recognised by isotopic pattern as containing three silver atoms
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Table 4-7 Selected mass spectrometric data for Ag(hfac)PPh3 (21) and 
derived P-ketoiminate adducts (22), (23).a




m /z % m /z
(23) d
%
PPh2 183 99 183 37 183 43
PPh3 262 48 262 20 262 23
AgL 369 100 369 100 369 100
AgOL 385 41 385 3 385 3
AgL(H2NR) 470 10 468 12
AgL2 631 13 631 36 631 56
AgOL2 647 2 647 3
(AgLa-1) e 892 0.5
(Ag2L-1) 475 0 .7
(Ag2L2-1 ) 737 0.3
Ag2(J3-diketonate)L2 945 0.2
a based on 107Ag, L = PPI13 b compound (21) Ag(hfac)PPh3 c compound (22) Ag(hfacNhex)PPh3 
d compound (23) Ag(hfacNchex)PPh3 e peak was observed as a cluster, m/z is given as the major 
central peak of the cluster
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The dominance of AgL fragments over Ag(P-diketonate)L fragments in these spectra is in 
agreement with mass spectrometric results for Ag(hfac)PMe3 and Ag(hfac)PEt3 reported 
previously.98,99 The relatively high abundance of AgL fragments over p-diketonate containing 
fragments is indicative that the Ag-P bonds may be significantly more stable. Fragmentation of the 
Ag(p-diketonate) to yield [Ag(P-diketonate)-R] is not observed in these spectra, unlike mass 
spectra reported for other similar p-diketonate adducts such as Ag(fod)PMe3, 98,99 Ag(fod)PEt3, 98,99 
Ag(hfac)CNMe 101 and Cu(hfac)PPh3. 223
Mass spectra of silver p-ketoiminates were also dominated by mono-nuclear silver-phosphine 
fragments, to the extent that no p-diketonate or p-ketoiminate containing fragments were observed. 
In both (22) and (23) AgL(H2NR) fragments confirmed the presence of free amine coordinating to 
silver. As the FAB/LSIMS mass spectrometry technique used is solution based (Appendix 2), this 
provides further evidence for reversion of p-ketoiminates to free amine and p-diketonate in 
solution. Selected mass spectrometry data for compounds (21)-(23) are collected in Table 4-7.
4.2.6 Thermal Analysis Studies
Compounds (17) to (23) were investigated using thermogravimetric analysis under air-purged or 
helium-purged conditions. As expected, an increase in fluorine content of the p-diketonate had a 
beneficial effect on the thermal stability. Thermal degradation of the p-diketonate adducts 
proceeded in a single step in all cases except (17), starting between 140-250°C and being complete 
by 320-350°C. Maximum rates of decomposition were in the region 269-315°C. Decomposition of 
(17), Ag(acac)PPh3, was observed to occur in several stages with maximum rates of decomposition 
occurring at 191 and 287°C. Differential scanning calorimetry work carried out with (19) revealed
Table 4-8 Thermal analysis data for silver(I) p-diketonate and p-ketoiminate adducts. a
D eco m p o sitio n  tem p eratu re  (°C) R es id u e  rem ain ing  (%)
C om p ou n d  s t a r t b m a x im a c e n d d c a lc  % A g e found
A g(acac)PPh3 (17) 150 191, 287 330 23.0 24.1
Ag(dpm)PPh3 (18) 140 297 320 19.5 18.4
[Ag(fod)]3(PPh3)5 (19) 220 310 320 12.8 11.0
Ag(tfac)PPh3 (20) 200 269 330 20.6 20.9
Ag(hfac)PPh3 (21) 250 315 350 18.7 17.7
Ag(hfacNhex)PPh3 (22) 100 198, 314 340 15.9 17.4
Ag(hfacNchex)PPh3 (23) 115 206, 304 320 16.0 15.8
a TGA experiments were run under an air purged atmosphere except for (23) which was carried out under a He purge b temperature 
corresponding to the onset of decomposition c temperature(s) at which the rate of weight loss is at a maximum d temperature at which 
decomposition is complete e calculated % mass of silver in undecomposed compounds
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a sharp melt-like endotherm at 101°C followed by further endotherm at 142°C, both taking place 
before initial weight loss.
Thermal degradations of silver p-ketoiminate adducts (22) and (23) were observed to proceed in 
two steps, these not being completely distinct from each other. The first step commenced at 100- 
115°C, rising to a maximum at 198-206°C. After this temperature the rate of weight loss declined 
with increasing temperatures to about 250°C. This first stage of decomposition in both cases 
resulted in a weight loss of about 25%, somewhat larger than can be accounted for by H2NR alone 
(about 15% in both cases). At about 250°C the second stage of decomposition rapidly completes 
the degradation, which is over by 320-340°C. It should be noted that TGA experiments for (22) 
and (23) were carried out under air and helium respectively and this appears to have not drastically 
altered their decomposition profiles. Differential scanning calorimetry work undertaken on (23) has 
shown two sharp melt-like endotherms at 84 and 100°C occurring prior to initial weight loss.
4.3 SINGLE CRYSTAL X-RAY STRUCTURE DETERMINATION 
OF Ag(hfac)PPh3 (21)
X-ray diffraction quality crystals of Ag(hfac)PPh3 were obtained at room temperature in air by 
slow evaporation of a saturated solution of (21) in acetone. The crystals were found to be very 
stable to light, heat and moisture.
The results have revealed that the solid state structure of (21) consists of independent monomeric 
molecules, the silver centre bound by chelating (O, O -hexafluoroacetylacetonato) and
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triphenylphosphine in a distorted trigonal arrangement (Figure 4-10). The p-diketonate ligand is 
somewhat unsymmetrically bound resulting in the structure tending towards a linear P-Ag-Ol 
configuration (ZP-Ag-Ol: 158.7°, ZP-Ag-02: 119.2°) with significantly different Ag-0 bond 
lengths (2.218,2.341 A).
This distortion is similar to that found in other monomeric silver p-diketonate adducts, although in 
this case the difference in P-Ag-0 angles is exaggerated; (21) (39.5°), Ag(hfac)PMe3 (3.1, 8.2, 
16.2°),99 Ag(hfac)CNMe (24°). 101 Perturbations from the expected trigonal geometry in the 
literature examples have been attributed to packing effects and possible intermolecular H-F 
interactions (2.235A) respectively. In the case of (21), the nearest H-F interactions of 2.561 A 
(intramolecular) and 2.485 A (intermolecular) and nearest H -0 interactions of 2.463 A 
(intermolecular) suggest that weak hydrogen bonds are unlikely to cause such distortions in this 
case. O-Ag-O ‘bite’ angles are very similar in these three structures (80.0-81.8°).
Mean Ag-0 bond lengths for (21) (2.28 A) are comparable with those found in monomeric 
Ag(hfac)PMe3 (2.29 A )99 and Ag(hfac)CNMe (2.28 A )101 and significantly shorter than Ag-0 in 
silver p-diketonates where Ag is greater than three-coordinate (typically 2.35-2.64). 97,202,204,222 
Average C-0 bond lengths of 1.247 A in (21) are comparable to those in similar Ag(hfac)Ln 
complexes (1.213-1.255A).97,101,202’204,222 The Ag-P distance (2.346 A) is slightly longer than 
that found for the trimethylphosphine adduct Ag(hfac)PMe3, (2.32 A ).99
Relevant bond angles and distances are summarised in Table 4-9 while further data including 
atomic coordinates are listed in Appendix A4.3.
F (6 )
F (5)C(3)C(4),















Figure 4-10 Structure of Ag(hfac)PPh3 (21).
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Table 4-9 Selected bond lengths (A) and angles (°) for (21).
AgO)-P(i) 2.346(3) P(1)-Ag(1)-0(1) 158.7(1)
Ag(1)-0(1) 2.218(5) P(1)-Ag(1)-0(2) 119.2(2)
Ag(1)-0(2) 2.341(5) 0(1)-Ag(1)-0(2) 81.8(2)
O(1)-C(20) 1.253(6) Ag(1)-O(1)-C(20) 128.9(4)
0(2)-C(22) 1.240(7) Ag(1)-0(2)-C(22) 125.8(4)
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4.4 FILM GROWTH RESULTS
Compounds (17)-(23) were screened as potential precursors for silver CVD. The results are 
collected in Table 4-10, Table 4-11 and 4-12.
The films were grown under fixed conditions of 310°C and 1 bar pressure in a nitrogen 
atmosphere. Precursors were dissolved in THF, the solution nebulised and swept into the reactor 
deposition chamber using a nitrogen carrier gas. Films were grown on glass substrates. Coating 
growth times were largely dependent on the volume of solvent used and carrier gas flow rates, in all 
cases they were of the order of 15-30 minutes. Typically 0.5-0.8 g of precursor was dissolved in 40 
cm3 of THF, nebuliser flow rates were of the order of 0.8 Lmin'1. The films were observed to be 
soft and although adhered well to the substrate, they could be damaged by scratching or wiping 
very easily. Films were examined by visual inspection and scanning electron microscopy. Film 
thickness was estimated using quantitative electron probe microanalysis (EDXS) and contaminants 
were also identified using this technique, additionally coatings grown from (20) and (22) were 
further characterised by Auger techniques and High Resolution Scanning Electron Microscopy 
(HRSEM). All films were characterised with respect to reflectivity and conductivity.
Compounds (17) and (18) (non-fluorinated silver p-diketonate adducts) were very ineffective at 
silver film growth under these conditions. Despite a number of attempts, only faint transparent 
films could be visually identified and these were of insufficient quality to characterise fully. The 
remainder of compounds tested (19)-(23) (fluorinated silver p-diketonate and silver p-ketoiminate 
adducts) were all capable of growing silver-containing films. In terms of growth rates, compound 
(19) was the least effective of the fluorinated precursors (7.6 Amin1) although it was still possible 
to grow a reflective silver film with this compound. In contrast, of the silver p-diketonates, (20)
190
grew at the fastest rate (16+ Amin'1). Growth rates of silver p-ketoiminate adducts (22) and (23) 
exceeded those measured for their parent silver p-diketonate adduct (21) and the coatings appeared 
more reflective. Growth rates of compound (23) were estimated to exceed 19 Amin'1, the highest 
observed during this study.
Deposition rates appear to have no obvious relationship with decomposition points, and all of these 
precursors should have high rates of decomposition at the substrate temperature used (310°C). 
p-Ketoiminates were observed to display decomposition at much lower temperatures than 
fluorinated p-diketonates in TGA experiments and yet displayed film growth rates of the same 
order of magnitude.
Films grown from compounds (19) to (23) were conducting enough to allow inspection by SEM 
(up to 10,000x). The surface of (19) were found to be uneven with a high concentration of 
protrusions from the bulk surface (Plates 4-1, 4-2). The surface of (21) was observed to resemble a 
thick mat of long, thin crystals (Plates 4-5, 4-6), very similar to that observed for A g02CR(PMe3)2 
(Chapter 2, Plates 2-1 to 2-4). Films grown from (20), (22) and (23) appeared as fairly uniform, 
smooth films at this magnification (Plates 4-3, 4-4 and 4-7 to 4-10). High Resolution SEM work, 
at higher magnification (50,000x), on coatings grown from (20) and (22) has revealed that these 
two films are in fact made up from several layers of loosely packed spheres of silver (Plates 4-11 
to 4-18), the size of the spheres being approximately 500-1000A. These HRSEM results also 
suggest that the quoted thickness estimates may have been underestimated although more 
investigation is required to confirm this.
Carbon was the only consistent contaminant in all the films, as detected by EDXS. This impurity 
appears independent of the precursor utilised and of the film thickness. The heights of carbon and
Table 4-10 Appearance of silver films grown from silver p-diketonate and silver p-ketoiminate adducts.
C om p ou n d v isu a l ap p ea ra n ce SEM ap p ea ra n ce D etected  im p u rities a b 
(EDXS)
P la tes
A g(acac)PPh3 (17) very faint yellow transparent marks thin, discontinuous or non conducting  
film
— —
Ag(dpm)PPh3 (18) faint transparent yellow film thin, discontinuous or non conducting  
film
C —
[Ag(fod)]3(PPh3)5 (19) silver reflective film uneven film with high concentration of 
surface protrusions
C 4-1, 4-2
A g(tfac)PPh3 (20) heavy deposition, highly reflective in places, 
dark grey matt area at downstream  side
fairly sm ooth, regular surface c 4-3, 4-4
A g(hfac)PPh3 (21) thick grey matt film, not particularly reflective even surface com prised of a thick mat 
of long, thin crystals
C, P(trace) 4-5, 4-6
Ag(hfacNhex)PPh3 (22) silver reflective film, slightly matt white in areas 
of heaviest deposition
fairly sm ooth, even surface C 4-7, 4-8
Ag(hfacNchex)PPh3 (23) silver reflective film on entire substrate, whitish 
matt in areas of heaviest deposition
fairly sm ooth although undulating C 4-9, 4-10
a the presence of oxygen in the films was masked by oxygen detected in the glass b trace quantities were at the limits of detection of this instrumentation
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silver peaks in the EDXS spectrum were observed to be very approximately in a similar ratio in 
all the spectra. Levels of carbon are certainly in excess of trace amounts, probably in the region 
of 5-10%+. Accurate results for %C cannot be obtained using this experimental procedure 
without modification. The presence of oxygen contaminants in the film was neither proved or 
disproved by EDXS due to the masking effect of the glass substrate (largely Si02), however in 
the case of very thick films, the x-rays characteristic of oxygen were considerably reduced and 
the intensity ratio of silicon to oxygen peaks appears fairly constant. This may indicate that 
generally oxygen contamination is at least smaller than carbon contamination. Trace 
phosphorus contamination was detected only in the film grown from (21), no fluorine was 
detected in any of the films.
Subsequent Auger depth profiling analysis of the films grown from (20) and (22) has 
confirmed that these films are predominantly silver (91.3-91.5 atom%) with carbon (6.4-7.5 
atom%) and trace oxygen (1.2-2.0 atom%). Fluorine and phosphorus contaminants were not 
detected and this concurs with the EDXS studies. Such film analysis results compare 
favourably with reports of thermal CVD of Ag(p-diketonate)L (P-diketonate = hfac, fod, L = 
PMe3, PEt3) in the literature where, in the absence of hydrogen, contamination was of the order 
of 5-35% carbon, 5% oxygen with trace fluorine and phosphorus.99 Auger electron surface 
analysis spectra for (20) and (22) are presented in Figures 4-11 and 4-12 respectively, 
elemental concentrations are listed in Table 4-11.
Reflectance measurements on films grown from precursors (17)-(23) included measurements 
from both the coated surface and from the film-glass interface (i.e. through the glass). Metallic 
films on glass generally exhibit lower reflectance from the coating surface as compared to the
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Table 4-11 Elemental concentrations of films grown from (20) and (22) as determined by
Auger depth profiling analysis.
Atom Concentration (Atom%)
Ag(tfac)PPh3 (20) Ag 91.3
c 7.5
o 1.2
Ag(hfacNhex)PPh3 (22) Ag 91.5
c 6.4
o 2.0
Table 4-12 Properties of silver films grown from silver p-diketonate and silver p-ketoiminate adducts.
C om p ou n d
E stim ated  film  
th ic k n e ss  (A)
D ep osition  tim e  
(m in u tes)
E stim ated  d ep o s itio n  
rate (A m in'1)
% R eflec ta n ce  b 
co a tin g  g la s s
S h e e t  R e s is ta n c e
( Q /D )  c
A g(acac)PPh3 (17) — 19 — 12.9 10.9 00
Ag(dpm)PPh3 (18) — 20 . . . 12.2 10.5 00
[Ag(fod)]3(PPh3)5 (19) 167 22 7.6 19.4 19.8 00
A g(tfac)PPh3 (20) 320 a 20 16 + 62 .5 70 .3 2 .2
A g(hfac)PPh3 (21) 306 29 10.6 0.3 18.0 186
A g(hfacN hex)PPh3 (22) 295 18 16.4 64 .7 85.3 1.1
A g(hfacNchex)PPh3 (23) 248 13 19.1 51 .4 30 .0 167
a due to the thickness o f  this film , counts o f  X-rays from the film  were approximately equal to those obtained from the pure Ag bulk sam ple, the film  thickness for this sample 
may be in excess o f  this estim ate b X =  550 nm corresponding to the peak in the eye response curve c sheet resistance was measured over a 25 mm square
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coating-glass interface, this being primarily a function of surface roughness and its ability to 
scatter light.
Films grown from precursors (17) - (18) gave poor reflectance results. Films deposited from (19) 
appeared considerably more reflective by visual inspection although reflectivity at 550 nm was less 
than 20%. The sheet resistance of films grown from (17) - (19) was not quantifiable.
Films deposited with precursors (20), (22) and (23) gave highly reflective films with reflectance 
from the coating surface of 50-65% and reflectivity from the glass-coating interface of up to 85%. 
Surprisingly, coatings grown using (21) as the precursor gave thick matt films which had poor 
reflectivity from both surfaces. Precursors similar to (21) have been widely studied in the 
literature. All films grown from (20)-(23) (estimated thickness 250-320A) had a measurable sheet 
resistance, sheet resistances of 1.1 Q/D (22) and 2.2 Q/D (20) were the lowest observed during the 
course of these studies. From the data displayed in Table 4-12, there appears to be an approximate 
correlation between reflectance and sheet resistance and not between reflectance and deposition rate 
as may have been expected. This may suggest that reflectance is affected largely by impurities in 
these cases, rather than by surface morphology as influenced by growth rates.
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Plate 4-1 Scanning Electron Micrograph at 10 kV of a silver film 
obtained from the AACVD of [Ag(fod)]3(PPh3)5 (19), bar = 10 pm
Plate 4-2 Scanning Electron Micrograph at 10 kV of a silver film
obtained from the AACVD of [Ag(fod)h(PPh^)s (19), bar = 1 pm.
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Plate 4-3 Scanning Electron Micrograph at 10 kV of a silver film 
obtained from the AACVD of Ag(tfac)PPfr (20), bar = 10 pm.
Plate 4-4 Scanning Electron Micrograph at 10 kV of a silver film
obtained from the AACVD of Ag(tfac)PPhp (20), bar = 1 pm
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Scanning Electron Micrograph at 10 kV of a silver film
obtained from the AACVD of Ag(hfac)PPh3 (21). bar = 10 pm.
Plate 4-6 Scanning Electron Micrograph at 10 kV of a silver film
obtained from the AACVD of Ag(hfac)PPh3 (21), bar = 1 pm
199
Plate 4-7 Scanning Electron Micrograph at 10 kV of a silver film 
obtained from the AACVD of Ag(hfacNhex)PPh3 (22), bar = 10 pm.
Plate 4-8 Scanning Electron Micrograph at 10 kV of a silver film
obtained from the AACVD of Ag(hfacNhex)PPh3 (22). bar = 1 pm
Plate 4-9 Scanning Electron Micrograph at 10 kV of a silver film 
obtained from the AACVD of Ag(hfacNchex)PPh3 (23), bar = 10 pm.
Plate 4-10 Scamimg Electron Micrograph at 10 kV of a silver film
obtained from the AACVD of Ag(hfacNchex)PPh3 (23). bar = I pm.
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Plate 4-11 High Resolution Scanning Electron Micrograph at 30 kV of a silver film 
obtained from the AACVD of Ag(tfac)PPh, (20)
Plate 4-12 High Resolution Scanning Electron Micrograph at 30 kV of a silver film
obtained from the AACVD of Ag(tfac)PPhh (20).
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Plate 4-13 High Resolution Scanning Electron Micrograph at 30 kV of a silver film 
obtained from the AACVD of Ag(hfacNhex)PPh3 (22)
Plate 4-14 High Resolution Scanning Electron Micrograph at 30 kV of a silver film
obtained from the AACVD of Ag(hfacNhex)PPh3 (22)
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Plate 4-15 High Resolution Scanning Electron Micrograph at 30 kV of a silver film 
obtained from the AACVD of Ag(tfac)PPh3 (20), 80° tilt.
Plate 4-16 High Resolution Scanning Electron Micrograph at 30 kV of a silver film
obtained from the AACVD of Ag(tfac)PPh3 (20), 100° tilt.
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Plate 4-17 High Resolution Scanning Electron Micrograph at 30 kV of a silver film 
obtained from the AACVD of Ag(hfacNhex)PPh3 (22), 80° tilt.
Plate 4-18 High Resolution Scanning Electron Micrograph at 30 kV of a silver film
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Auger depth profile analysis of a silver film obtained from the AACVD of Ag(hfacNhex)PPh3 (22).
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4.5 EXPERIMENTAL
The synthesis o f  pentane-2,4-dionato(triphenylphosphine) silver (I), [Ag(acac)PPh3]  (17)
Silver oxide (1.50 g, 6.5 mmol) was suspended in diethyl ether (15 cm3). To this was slowly added 
pentane-2,4-dione (1.85 ml, 1.9 g, 19 mmol). The mixture was stirred for 5 minutes, resulting in a 
grey precipitate. To this was added triphenylphosphine (3.39 g, 12.9 mmol), the mixture was 
stirred for one hour, filtered in air, and pumped dry in vacuo. The precipitate could be 
satisfactorily recrystallised from diethyl ether.
Analysis : found (calculated for C23H220 2AgP) C, 59.0 (58.9); H, 4.71 (4.73) %. Thermal 
decomposition initiated at 150°C (by TGA/air). IR (Nujol mull) 1200-1800 cm'1: 1225w, 1507w, 
1615. IR (hexachlorobutadiene mull) 1200-1800 cm'1: 1225w, 1308w, 133lw, 1347w, 1433b, 
1466b, 1508. ]HNM R (CDC13) 6; 7.49-7.30 (m, 15H, PPh3), 5.26 (s, COCHCO), 1.95 (s, CH3). 
13C NMR (CDC13) 6; 191.0 (CO), 133.8 (d, 16.5 Hz, PPh3), 131.5 (d, 34.2 Hz, PPh3), 130.3 
(PPh3), 128.7 (d, 10 Hz, PPh3), 98.5 (COCHCO), 28.8 (CH3). 31P NMR (CDC13) 5; 15.1.
The synthesis o f  dipivaloylmethanato(triphenylphosphine)silver(l), [Ag(dpm)PPh3]  (18)
Silver oxide (1.5 g, 6.5 mmol) and 2,2,6,6-tetramethyl-3,5-heptanedione (2.45 g, 13.3 mmol) were 
suspended in diethyl ether(15 cm3), and stirred for 5 minutes. This resulted in a cloudy grey 
precipitate in a black mixture. To this was added triphenylphosphine (3.4 g, 13.0 mmol) in diethyl 
ether (5 cm3). The mixture was stirred for 18 hours in a closed flask in the absence of light to give
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a light grey precipitate. This was filtered in air, washed with diethyl ether, and dried in vacuo. 
Yield 6. lg, 85%.
Analysis : found (calculated for C29H340 2AgP) C, 62.6 (62.9); H, 5.90 (6.19) %. Thermal 
decomposition initiated at 140°C (by TGA/air). IR (Nujol mull) 1200-1800 cm'1: 1229, 1321w, 
1354sh, 1381, 1406, 1435, 1501, 1530, 1564, 1582. IR (hexachlorobutadiene mull) 1200-1800 
cm 1: 1229, 1354, 1385, 1406, 1435, 1449, 1480, 1501, 1530. ]H NMR (CDC13) 5; 7.40-7.33 
(m, 9H, PPh3), 7.33-7.24 (m, 6H, PPh3), 5.73 (s, COCHCO), 1.18 (s, -CMeA 13C NMR (CDC13) 
5; 201.5 (CO), 134.0 (d, 16.5 Hz, PPh3), 132.1 (d, 11.1 Hz, PPh3), 130.2 (PPh3), 128.8 (d, 11Hz, 
PPh3), 90.7 (CH), 39.4 (-CMe3), 27.4 (-CMeO.
The synthesis o f tris(2,2-dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5-octadionato)tetrakis 
(triphenylphosphine)tri silver (I), [Ag(fod)J 3(PPh3) s (19)
Silver oxide (1.04 g, 4.5 mmol) was suspended in diethyl ether (40 cm3) and stirred. To this was 
added 2,2-dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5-octadione (2.50 g, 8.5 mmol) and a further 
10 cm3 of diethyl ether, with no immediate result. The whole mixture was stirred for one hour to 
give a dark brown, hazy solution, which was then filtered into a Schlenk tube containing 
triphenylphosphine (2.21 g, 8.4 mmol). After stirring for a further 10 minutes, the solution 
gradually cleared and was filtered using fine filter paper. The solvent was removed and the 
resulting solid dried in vacuo. Recrystallisation was satisfactorily accomplished by allowing a 
hexane-acetone solvent mixture to evaporate at room temperature. Yield 1.4 g, 28 %.
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Analysis : found (calculated for Ci2oHio506Ag3P5F2i) C, 57.0 (57.2); H, 3.62 (4.20) %. Mp 101°C 
(by DSC/He). Thermal decomposition initiated at 220°C (by TGA/He). IR (Nujol mull) 1200- 
1800 cm'1: 1202s, 1225s, 1273, 1312w, 1345sh, 1366, 1435sh, 1468bs, 1505sh, 1528w, 1570w, 
1586w, 1628ssh. IR (hexachlorobutadiene mull) 1200-1800 cm'1: 1204, 1227s, 1273wb, 1312w, 
1343sh, 1362w, 1393w, 1435sh, 1480s, 1505, 1524w, 1628ssh, 1661sh. ]H NMR (CDC13) 6; 
7.50-7.3l(m, 25H, PPh3), 5.71 (s, 1H, COCHCO), 1.12 (s, 9H, -CMeT 13C NMR (CDC13) 5;
205.8 (CO), 172.0 (m, CO), 134.0 (d, 16.6 Hz, PPh3), 131.7 (d, 33.1Hz, PPh3), 130.5 (PPh3),
128.9 (d, 11Hz, PPh3), 119 (m, CFn), 117 (m, CFn), 110.8 (m, CFn), 90.6 (COCHCO), 27.9 
(-CMe3). 19F NMR (CDC13) 5; -81.0 (t, 9.2 Hz, CFn), -119.7 (s, CFn), -127.1 (s, CFn).
The synthesis o f  l,l,l-trifluoro-2,4-pentanedionato(triphenylphosphine)silver(I),
[Ag(tfac)PPh3]  (20)
Silver oxide (1.5 g, 6.5 mmol) was suspended in diethyl ether (5 cm3). To this was slowly added 
l,l,l-trifluoro-2,4-pentanedione (1.8 cm3, 2.29 g, 14.8 mmol) resulting in the mixture solidifying 
to give a sand coloured precipitate. To this was added triphenylphosphine (3.4 g, 13 mmol) in 
diethyl ether (60 cm3), and the mixture was stirred for 20 minutes in the absence of light. The 
volume was reduced by one quarter, and the contents were filtered in air to give a sand brown 
precipitate. The crude product was washed twice with diethyl ether and dried in vacuo. Yield 
4.84 g, 71%.
Analysis : found (calculated for C23Hi9F30 2AgP) C, 52.8 (52.6); H, 3.76 (3.66) %. Thermal
decomposition initiated at 200°C (by TGA/air). IR (Nujol mull) 1200-1800 cm 1: 1254s, 1312,
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1333w, 1435ssh, 1520b, 1667bs. IR (hexachlorobutadiene mull) 1200-1800 cm'1: 1254, 1312,
133lw, 1435 ssh, 1524, 1541, 1667b. ’H N M R ^D C l,) 6; 7.50-7.40 (m, 9H, PPh3), 7.37-7.31 
(m, 6H, PPh3), 5.50 (s, COCHCO), 1.99 (s, -CHA 13C NMR (CDC13) 5; 197.0 (COCH3), 170.1 
(q, 29.4 Hz, COCF3), 133.9 (d, 16.5 Hz, PPh3), 132.0 (d, 31.3 Hz, PPh3), 130.2 (PPh3), 128.8 (d, 
9.2 Hz, PPh3), 119.2 (q, 289 Hz, CjFj), 92.8 (CH), 30.2 (CHA 19F NMR (CDC13) 5; -76.1 (CF3).
The synthesis o f  l,l,l,5,5,5-hexafluoro-2,4-pentanedionato(triphenylphosphine)silver(I), 
[Ag(hfac)PPh3]  (21)
Silver oxide (5.0 g, 21.6 mmol) was suspended in THF (30 cm3). To this was added 1,1,1,5,5,5- 
hexafluoro-2,4-pentanedione (6.0 cm3, 8.8 g, 42.2 mmol). The mixture was stirred for five 
minutes, then filtered on to triphenylphosphine (11.1 g, 42.4 mmol). The resulting brown hazy 
mixture was stirred for five minutes, then filtered in air using a fine filter paper. The solvent was 
removed in vacuo to give a sand coloured crystalline solid. Recrystallisation from acetone gave the 
title compound. Yield 21.0 g, 86 %.
Analysis : found (calculated for C23H]6F60 2AgP) C, 48.0 (47.9), H, 2.81 (2.79) %. Thermal 
decomposition initiated at 250°C (by TGA/air). IR (Nujol mull) 1200-1800 cm'1: 1254, 1312w, 
1331w, 1435ssh, 1518b, 1669b. IR (hexachlorobutadiene mull) 1200-1800 cm'1: 1254s, 1312, 
1331w, 1435ssh, 1480sh, 1522sb, 1541ssh, 1669bs. ]HNMR(CDC13) 5; 7.54-7.28 (m, 17H, 
PPh3+ CDC13), 6.05 (s, 1H, COCHCO). 13C NMR (CDC13) 6; 177.5 (q, 33 Hz, CO), 133.9 (d, 
14.7 Hz, PPh3), 131.2 (PPh3), 130.0 (d, 40.5 Hz, PPh3), 129.3 (d, 11.1 Hz, PPh3), 117.7 (q, 289 
Hz, CF3), 87.9 (COCHCO). 19F NMR (CDC13) 6; -77.0 (CF3).
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The synthesis o f  1,1,1,5,5,5-hexafluoro 4-(hexylimino)-2-pentanonato 
(triphenylphosphine) silver (I) monohydrate, [Ag(hfacNhex)PPh3].H20  (22)
1.1.1.5.5.5-Hexafluoro-2,4-pentanedionato(triphenylphosphine)silver(I) (21) (5.4 g, 9.4 mmol) was 
suspended in benzene (150 cm3). To this was added hexylamine (1.2 cm3, 0.9 g, 9.4 mmol). The 
mixture was refluxed gently in a Dean and Stark apparatus for 214 hours with minimal 
decomposition. The mixture was filtered in air to give a deep orange solution. The solvent was 
removed in vacuo to give a brown precipitate. Yield 5.7 g, 89 %.
Analysis : found (calculated for C29H29F60NAgP.H20 ) C, 51.4 (51.3); H, 4.39 (4.61); N, 1.98
(2.06) %. Thermal decomposition initiated at 100°C (by TGA/air). IR (Nujol mull) 1200-1800 cm' 
1254, 1310w, 1439sh, 1507w, 1522, 1601, 1661sh. IR (hexachlorobutadiene mull) 1200-1800 
cm 1: 1254sh, 1310w, 1435sh, 1482, 1532s, 1563, 1611w, 1671. !H NMR (CDC13) 5; 7.38-7.27 
(m, PPh3), 5.61 (s, COCHCO), 2.38 (b, 2H, CH2), 1.43 (m, 2H, CH2), 1.16 (m, 6H, CH2), 0.76 (t,
6.9 Hz, 3H, CH3). 13C NMR (CDC13) 5; 175.7 ( q, 31.3 Hz, CO), 133.8 (d, 16.5 Hz, PPh3), 131.3 
(d, 34.9 Hz, PPh3), 130.6 (PPh3), 129.0 (d, 11 Hz, PPh3), 118.0 (q, 291 Hz, CF3), 86.2 
(COCHCO), 43.5 (CH2), 33.3 (CH2), 31.5 (CH2), 26.2 (CH2), 22.5 (CH2), 13.9 (CH3). 19F NMR 
(CDC13) 5; -77.2 (CF3).
The synthesis o f 1,1,1,5,5,5-hexafluoro 4-(cylclohexylimino)-2-
pentanonato (triphenylphosphine)silver(1) monohydrate, [Ag(hfacNchex)PPh3J.H20  (23)
1.1.1.5.5.5-Hexafluoropentane-2,4-dionato(triphenylphosphine)silver(I) (21) (4.1 g, 7.0 mmol) was 
suspended in benzene (150 cm3). To this was added cyclohexylamine (0.7 g, 7.0 mmol). The
mixture was gently refluxed in a Dean and Stark apparatus for two hours, to give a yellow-orange 
mixture, with minimal signs of decomposition. Solvent was removed in vacuo to give a sticky oil. 
The oil was dissolved in diethyl ether, filtered in air and dried in vacuo to give a brown solid. Yield 
3.83 g, 81 %.
Analysis: found (calculated for C29H27N 0F6PAg.H20); C, 51.3 (51.5); H, 4.38 (4.32); N, 1.96
(2.07) %. Mp 84°C (by DSC/He). Thermal decomposition initiated at 115°C (by TGA/He). IR 
(Nujol mull) 1200-1800 cm'1: 1250s, 1314w, 1325w, 1437ssh, 1526sb, 1599b, 1661sb. IR 
(hexachlorobutadiene mull) 1200-1800 cm"1: 1252s, 1310w, 1325w, 1373w, 1387w, 1437ssh, 
1451, 1482sh, 1532bs, 1559bs, 1669s. !HNM R (CDC13) 6; 7.43-7.38 (m, 15H, PPh3), 5.69 
(s, 1H, COCHCO). 2.85-2.65, 2.0-1.8, 1.8-1.65, 1.65-1.55, 1.3-1.15, 1.15-0.95 (-CeH,,). 13C 
NMR (CDC13) 6; 175.4 (q, 31.9 Hz, CO), 133.8 (d, 16.5 Hz, PPh3), 131.5 (d, 34.2 Hz, PPh3), 
130.6 (s, PPh3), 128.9 (d, 9.9, PPh3), 118.0 (q, 291 Hz, CF3), 86.0 (s, COCHCO), 36.2 (CH2),
25.1 (CH2), 24.8 (CH2). 19F NMR (CDC13) 6; -77.2 (CF3).
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In contrast to the coordination chemistry of silver, which bears little or no resemblance to 
copper chemistry, the organometallic chemistries of copper and silver are closely linked.224 
Organocopper chemistry research has in the past been focused by applications in organic 
synthesis, and similar applications are now being developed for organosilver complexes 225-229 
which often behave in a complementary way to organocopper reagents.230
Some interest in organometallic silver compounds has been initiated by the search for suitable 
silver CVD precursors, notably [CF3CF=C(CF3)Ag]4 21 and (C5H5)AgPR3, 231 although this 
area remains largely unexploited. In contrast, organometallic precursors have been utilised for 
both copper CVD [for example (C5H5)CuPR3 232,233 ] and more notably gold CVD, where 
organogold precursors [R2Au(P-diketonate), 234-237 RAuPMe3, 238,239 RsAuPMe3 239 241 and 
others 238,242 ] have played a pivotal role. Additionally, in the CVD of other metals, 
organometallic precursors have been used for Zr, 243 Cr, 244 Co, 245 P t 187 and A1 deposition.246
In comparison with organocopper chemistry, organosilver chemistry is less well developed, no 
doubt as a result of the relative instability of silver-carbon a-bonds. Alkyl silver compounds 
are particularly unstable (typically decomposing above -50°C) and although alkenyl and aryl 
silver compounds are significantly more stable, they are still susceptible to photolysis, 
hydrolysis and oxidation.224 Silver alkynyl compounds are the most stable class and are 
reportedly stable up to 100°C.224 Stabilities of Ag-C bonds have been increased in cases where 
steric hindrance, 247,248 intra-molecular donors 249,250 or the use of fluorinated ligands has been 
utilised.21,251 Thermal stabilities are also reported to be increased where the organometallic 
species forms complexes with inorganic salts such as LiBr 226 and AgN03, 252 although this
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may reduce compound volatility. Further, stability is also known to be increased where the 
carbanion is more nucleophilic, as in silver methanides, 253 ylides 254-257 and carbenes.258
5.1.1 Synthetic routes
I) The majority of organosilver (particularly alkyl and aryl) compounds have been prepared 
from the reaction of silver salts (generally halides) with organometallic reagents containing a 
metal more electropositive than silver.224 Attempts to prepare ethylsilver from silver chloride 
and diethyl zinc were made as early as 1859 by Buckton 259 and in 1861 by Wanklyn and 
Carius.260 These synthetic attempts were unsuccessful because of the low thermal stability of 
alkyl silvers, and it was not until 1941 that alkyl silvers were first isolated. Aryl silvers were 
found to be more amenable to study and these were first prepared in 1919 by Kraus and 
Schmitz.261
Organosilver compounds (AgR) are readily prepared at low temperatures from the reaction of 
silver nitrate and tetraorganotin (where R = aryl) or tetraorganolead compounds (where R = 
alkyl, aryl) in alcoholic solvents (Eqn 5-1). The compounds precipitate on formation as yellow 
to red-brown precipitates and depending on stability may decompose on warming. In the case 
of alkyl silver compounds, alkyllithium and alkylmagnesium reagents have also been used in 
combination with silver halides and their phosphine adducts (Eqn 5-2). For the preparation of 
aryl silver compounds, aryl lithium (with silver bromide) and aryl zinc (with silver nitrate) 
(Eqn 5-3) have been found to be more convenient in the transmetallation reaction.
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AgN03 + R4Pb ----------------------- ► AgR + R3PbN03 (5-1)
R = alkyl, aryl
A gl(PB u3) + LiR -----------------------► A gR (PB u3) + Lil (5-2)
R = alkyl
A g N 0 3 + Z nR 2 ---------------------------► AgR + R Z n N 0 3 (5-3)
R = aryl
The preparation of arylsilver compounds from aryllithium reagents and silver halides is further 
complicated by the formation of argentate complexes of the form [AgrLivR*+>,], 263 analogous 
to complexes found in copper 2(’2 and gold chemistry. 264’265 These compounds may be 
synthesised quantitatively by the reaction of silver halide with two equivalents of aryllithium, or 
alternatively via a 1:1 reaction of aryl silver and aryl lithium compounds (Eqn 5-4). A number 
of argentates have been isolated and characterised as tetramers in solution, isostructural with 
the aurate analogue in the solid state. 265
M = C u ,262 Ag, 263 Au 264>265
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II) Silver fluoride is known to add across double or triple bonds of perfluoroalkenes and 
perfluoroalkynes, respectively, to give perflouroalkyl and perfluoroalkenyl groups bound to 
silver. Reaction of AgF with perfluoropropene proceeds in acetonitrile at room temperature to 
give a solvated silver alkyl species (Eqn 5-5)266 and a similar reaction can be found with
addition of AgF to CF3-C=C-CF3 (Eqn 5 -6).21,267 These reactions require low temperatures to
condense the alkene or alkyne reagent, but once in a sealed vessel the reaction proceeds at room 
temperature over several days. A number of silver perfluoroalkyls have been prepared in a 
similar reaction with independent sources of silver and fluoride (Eqn 5-7), although the 
products were not isolated.2o*
CF F MeCN
AgF +  *  (CF3)2CFAg-NCMe (5-5)
F F 25°C
MeCN CF3 C F3
AgF + C F3 Z Z  C F3 ---------------------- ► / \  (5‘6)
25°C F Ag
C F3 F A g 0 2C C F3 /K F  /Cp3
\ = \  *  A9 ( / / c f  (5-7)
C F '  ^  MeCN V 3
3 F C F .
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III) Silver-carbon bonds are also formed by a number of other routes. Alkynes of the type 
R-C=C-H react directly with silver salts in the presence of ammonia to give insoluble
coordination polymers via a direct metallation reaction.269 These compounds are however 
soluble in strongly coordinating solvents (amines, pyridines) and in the presence of phosphines. 
Donor ligands successfully compete with coordinated alkyne groups, resulting in a partial 
breakdown of the coordination polymer. A number of r |1 -cyclopentadienylsilver derivatives 
have been isolated from the reaction between cyclopentadienyl-boronic acids and silver nitrate 
in the presence of ammonia, although this reaction has not been widely used.270 Silver carbon 
bonds are also readily formed with the reaction of silver halides with various 
triorganomethylenephosphoranes to give a variety of silver ylides.254,255
5.1.2 Structure and stability o f  organosilver compounds
Although silver alkyls are readily prepared at low temperature, decomposition usually takes 
place on warming. For simple alkyl silver compounds, stability decreases with increasing chain 
length,224 and is also dramatically influenced by the presence of impurities. Methyl silver is 
reported as decomposing between -80°C and -50°C 269 and n-propylsilver at -60°C.271 Where 
the alkyl chain incorporates an additional donor the organosilver is somewhat stabilised, thus 
Ag(CH2)3NMe2 is stable up to 15°C.272
A small number of silver alkyl and perfluoroalkyl complexes have been structurally determined 
since 1984, as both neutral AgR and anionic [AgR2]\ All these complexes are highly 
substituted at Ca and no p-hydrogens are present (P-hydrogen elimination is postulated as a 
major first step in the decomposition pathway for alkyl silvers). As a result of this substitution,
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all of the complexes show increased steric bulk around the Ag-C bond. Of note, and in contrast 
to aryl silver complexes, these compounds do not exhibit electron deficient three centre-two 
electron bonding.
A structure determination of the alkyl silver [ {(2-Me3Si)2C(Ag)C5H4N}2], prepared from the 
alkyl lithium and silver tetrafluoroborate, shows it to be a dimer in the solid state. Each silver is 
bonded to a sterically crow ded sp3-hybridised carbon with further stabilisation of each silver 
provided by the pyridine nitrogen (Figure 5-1). Despite increased stability and the fact that the 
crystal structure determination was carried out at 295 K, the complex was found to decompose 
at 303 K. 273 274 The geometry' around silver is approximately linear with C-Ag-N of 174.5° 
and the short Ag-Ag distance of 2.654 A may be indicative of a metal-metal interaction.
—o
Figure 5-1 The structure of [{(2-Me3Si)2C(Ag)C5H4N}2] . 273
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The related [Ag{C(SiMe3)3}2]’ anion in [Li(THF)4][Ag{C(SiMe3)3}2] was also prepared by the 
addition of alkyl lithium and silver halide. The anion exhibits a similar linear geometry around 
silver with two highly crowded ligands (Figure 5-2) and the compound is observed to be 
slightly more stable (decomposes at 65 °C ).275 The ionic structures are suggested as persisting 
in solution and this is confirmed by a single 109Ag resonance at 700 ppm in d8-toluene.
Figure 5-2 Structure of one of the anions of [Li(TJTF)4][Ag{C(SiMe3)3}2] . 275
A similar bis(alkyl)silver anion, bis(perfluoroisopropyl)silver, has also been structurally 
determined as found in [AgR2][Rh(dppe)2] [where R = (CF3)2C F],266 Both this anion and the 
neutral complex (CF3)2C(F)Ag(MeCN) (Figure 5-3) repeat the linear two coordinate silver 
geometry common to silver alkyl structures. The neutral complex further reflects the possibility 
of ligand stabilised perfluoroalkyl complexes. The perfluoroisopropyl ligand has been shown to 
be kinetically labile [unlike -C(SiMe3)3] and may be regarded as a ‘pseudohalogen\
bFigure 5-3 Structure of (CF3)2C(F)Ag(MeCN). 266
Silver alkenyls are significantly more stable than silver alkyl compounds. Styrenylsilver 
Ag(CH=CHPh) is stable up to 80°C 276 and complete decomposition requires several days at 
room temperature or several hours in boiling ethanol. Perfluorinated alkenyls are even more 
stable, perfluoroisopropenylsilver [AgC(CF3)=CF2] can be sublimed in vacuo at 160°C.277
Structural studies of compounds where silver is bound to an sp2-hybridised carbon (i.e. 
alkenyls and aryls) reveal that two electron-three centre bonding is common. The crystal 
structure of perfluoro-1 -methyl- 1-propenyl silver is reported as a tetramer with a central square 
plane of silver atoms to which each edge is bound a perfluoro-1-methyl-1-propenyl ligand 
(Figure 5-4).21 Each silver atom is in a nearly linear geometry [ZCAgC : 166.7°] and the Ag- 
Ag distances (2.761 A) are lower than found in the metal (2.89A) indicating a possible Ag-Ag 
interaction.
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Figure 5-4 Structure of [CF3CF=C(CF3)Ag]4. 21
Aryl silver compounds are of a similar stability to silver alkenyls. Phenylsilver has an observed 
decomposition at 74°C as determined by TGA, 278 perfluorophenylsilver possesses increased 
stability and decomposes only slowly at 150°C and adducts of this perfluorophenylsilver
display decomposition temperatures in the range 155-190°C.279 The structure of a number of 
aryl silver compounds have also been determined, such as tctrameric 2-silver(dimethyl 
aminomethyl)-ferrocene (Figure 5 -5 ) 280 and mesitylsilver (Figure 5-6).247 248 Each structure 
contains a single silver environment and in both cases the geometry approaches linearity with 
the C-Ag-C angle of 170.7° and 169.0°, respectively. Silver-silver distances are slightly lower 
than found in the alkenyl complex (Ag-Ag: 2.74 A  and 2.73 A , respectively). Successful 
attempts to prepare organosilvers with very' bulky ligands (e.g. 2,4,6-triphenylphenyl) have 
been reported and crystal structures determined,281 however these results have since been 
shown to be ambiguous as reported Ag-C distances are significantly lower than expected and 
very close to C-Br in the reagent. 282
Figure 5-5 Structure of 2-silver(dimethylaminomethyl)ferrocene. 280
Figure 5-6 Structure of mesitylsilver. 247,248
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Two arylsilver compounds reveal structures where the organosilver compounds do not 
aggregate to form clusters, though in these cases the silver centre is further coordinated by 
other ligands. In the pentafluorophenyl(ylide)silver(I) complex | Ag(C6F5)(CH2PPh,)| the silver 
centre is coordinated by both a pentafluorophenyl and a methylene of an ylide (Figure 5-7) 
resulting in a linear geometry [ZC-Ag-C: 175.4-178.2°] 256 Attempts to increase the 
coordination number of this complex by addition of pyridine or 2,2’-bipyridyl have failed, with 
no apparent reaction. A final example of a r |’-bonded ary lsilver can be found in the crystal
structure of [(r|5-CsH4SiMe3)2Ti(C=CSiMe3)2]Ag(r|1-2,4,6-Me3C6H2) where silver is bound to
a single mesityl group and two alkyne groups from a bis(alkynyl)titanocene molecule. 281
Figure 5-7 Structure of [Ag(C6F5)(CH2PPh3)]. 256
The structures of a number of phosphine adducts of silver alkynyls have been 
crystallographically determined and range from the polymeric [Me3PAgC=CPh]oo 284 and
[Mc3PAgC=CSiMe3]ro 285 to the tetramenc [P^PAgC^CPhJ^THF),5. 285 Crystallography
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studies of these compounds reveal that they are all constructed from Ag(C=CR)2 and 
Ag(PR3)2+ groups with the size of the phosphinc apparently determining the extent of 
oligomerisation. The tetranuclear complex [Ph3PAgC=CPh]4.(THF)35, where Ag is bound to
sp-hybridised carbon, exhibits electron deficient three centre-two electron bonds in a similar 
fashion to that often observed when silver is bound to sp2-hybridised carbons. However, in the 
former case the Ag4 core is arranged in a ‘flat-butterfly’ arrangement (Figure 5-8), as 
compared to the square planar Ag4 arrangement with Ag-C(sp2). The silver alkynyl cluster 
[Ph3PAgC=CPh|4.(THF)3 5 can be described as two nearly linear (174.6°) Ag(C=CPh)2' units
bridged by Ag(PPh3)2f moieties. Apart from the distance between Ag(PPh3)2+ units, Ag-Ag 
distances within the core are fairly constant (2 .9-3 .1 A) although higher than found in Ag- 
C(sp2) tetramers.
Figure 5-8 Structure of | Ph,PAgC=CPh|4,(THF)3 5.285
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As the use of organometallic precursors for the CVD of silver has remained largely 
unexploited, there was considerable interest in developing a number of such precursors within 
the scope of this project. This study has focused on arylsilvers for CVD applications as they 
are known to have thermal stabilities of a similar order to those found for alkenylsilvers. 
Specifically this study has been interested in the use of steric hindrance and intra-molecular 
coordination of silver (from pendant donor groups on the aryl ring) to coordinatively saturate 
the metal centre. Additionally the formation of phosphine adducts of such complexes have been 
explored. These strategies have been invoked in the present work to prevent oligomerisation, to 
increase chemical and thermal stability, and to promote greater volatility.
R X x
k V x,“> kJ <nv) kk (XV)‘X
R = Me 247> 248>283 X = NMe2 249 X = OMe 249
= H 287 = CH2NMe2 249
The use of steric hindrance (XIII) and/or additional coordination sites (XIV and XV) ortho to 
the metal has been shown to have a stabilising influence on the chemistry of arylsilver 
compounds. Examples of this include methyl,7A1’248,283 dimethylamino, 249 (dimethylamino)- 
methyl 249 and methoxy 2491288 groups in the ortho position relative to silver. The use of intra­
molecular coordination in these and similar ligands has been successfully utilised for the 
isolation of a number of other organometallic (Li, 289 Ni, 290 292 Pd, 290,292,293 Pt, 290,292,293 R h ,290 
Ir, 290 Cu, 294 Ga, 295 298 Al, 298 In 298 and S n 2" )  and aryloxide compounds (Ga 300 and In 30°). A 
general discussion of these compounds is available.294
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5.2 RESULTS AND DISCUSSION
5.2.1 Synthesis and characterisation o f {2-(dimethylaminomethyl)phenyl}silver(I) (24)
{2-(dimethylaminomethyl)phenyl}silver(I) (24) has been prepared, structurally characterised, 
and tested as a potential CVD precursor. Reports of organosilver CVD precursors in the 
literature are limited to those concerning (perfluoro-1-methyl-l-propenyl)silver(I) as a 
precursor for LPCVD 21 and PECVD.95 A number of patents also cite the use of 
Ag(r|5-CsH5) PR , for the growth of thin silver films although no experimental data has been 
given.231,286
The compound of interest, {2-(dimethylaminomethyl)phenyl}silver(I), has previously been 
prepared by van Koten et a l..249 The compound was reported to be isolated as a colourless or 
pink coloured solid in 61% yield, with a much improved thermal stability fmp 160-180°C 
(dec)] over phenylsilver fmp 74°C (dec)|.278 Van Koten et al. have however noted that melting 
points and molecular weight results were variable between experiments [melting points 106- 
195°C (dec), molecular weights 835-1215], Proton NMR data suggested a number of species 
in solution differing in their degree of association although no specific molecular species were 
proposed. Apart from microanalysis and a listing of a number of IR absorptions, this 
compound was not characterised further.
Et20  -78° C
(5-8)
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The compound {2-(dimethylaminomethyl)phenyl}silver(I) (24) was prepared in low yield 
(14%) by the same synthetic route as van Koten, via the reaction of silver bromide with 
2-(dimethylaminomethyl)phenyllithium at -78°C (Eqn 5-8). The red compound isolated in this 
study was fairly stable to light, oxygen and moisture for short periods and no obvious signs of 
decomposition were observed after storage at -5°C for six months. The infra-red spectrum of 
crude (24) gave a number of characteristic bands at 841 cm'1 and 752, 744 cm"1 which compare 
favourably with the reported infra-red spectrum of {2-(dimethylaminomethyl)phenyl} silver(I) 
[846s (group vibration), 745vs (ort/zo-substituted benzene)].249
The crude (24) was however found to have slightly low carbon and nitrogen microanalysis 
results [found (calculated for C9H12NAg) C, 43.0 (44.7); H, 5.40 (5.00); N, 4.70 (5.79) %] and 
its decomposition point is significantly lower [mp (uncorrected) 91-120°C (dec)] than 
previously reported [literature mp 160-180°C (dec)].249 These anomalies may be explained by 
the presence of {2-(dimethylaminomethyl)phenyl}silver(I).silver(I)bromide as an impurity 
which has been found to have a lower melting point [mp 108°C (dec)].249 This explanation also 
accounts for the appearance of crude (24) as {2-(dimethylaminomethyl)phenyl} silver, silver 
bromide has been isolated as a rust-brown complex from the reaction of (2-(dimethylamino 
methyl)phenyl) silver with silver bromide.249 Recrystallisation of crude (24) proved impractical 
due to its vulnerability with respect to decomposition while in solution for extended periods.
Compound (24) was slightly soluble in CDC13 which allowed its solution characterisation by 
NMR techniques. and 13C NMR gave expected results and no spin-spin coupling was 
observed from silver to the aromatic protons of the ligand. A resonance from the carbon bound 
to silver was not observed in the 13C NMR although this resonance would be expected to be 
weak even before coupling to both 107Ag and I09Ag nuclei. As a result of !H NMR evidence van
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Table 5-1 Selected mass spectrometric data, compound (24). 0
Fragment ions b m /z0 %d
R 134 42 (134)
[AgR (-NMe2)] 197 8(197)
[AgR (-1)1 240 41 (240)
Ag2R 348 11 (350)
Ag3 321 10 (325)
[Ag3R (-1)1 454 2.9 (458)
Ag3R2 589 3.1 (593)
[Ag4 (+1)1 429 4.5 (433)
Ag4R 562 2.8 (564)
[Ag4R2 (-1)l 695 1.1 (701)
Ag4R3 830 14 (834)
Ag5 535 4.9 (539)
AgsR2 803 2.8 (807)
[Ag5R4 (-1)1 1070 5.9 (1076)
[Ag6 (+2)1 644 1.7(648)
Ag6R3 1044 2.9 (1048)
[Ag7 (+1)l 750 2.1 (756)
[Ag7R4 (+1)1 1286 5.3 (1294)
a highest abundance peak (100%) R(-2) at m/z 132 b R = 2-(dimethylaminomethyl) 
phenyl c based on107 Ag d based on highest abundant peak for the fragment 
(highest abundant mass fragment)
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c) calculated pattern for Ag7R4+ 1 d) observed fragment abundances
Figure 5-9 Comparison of some calculated and observed fragments 
from the FAB(LSIMS) mass spectrum of (24)
231
Koten et al. reported two species in solution 249 but this observation was not made during this 
work. Attempts to observe 109Ag resonances of (24) in solution were unsuccessful even at low 
temperature (-80°C). The absence of observable 109Ag resonances may be a function of the 
solubility of the compound or its dynamic behaviour in solution.
Mass spectrometry studies of (24) (Table 5-1) using Fast Atom Bombardment (Liquid SIMS) 
techniques (see Appendix 2) have revealed a large number of Agn and AgnRm type fragments. 
High abundance peaks were observed for [AgR(-l)] (41%) and R (42%), while [AgR(-NMe2)] 
was also observed, presumably a decomposition product of [AgR(-l)]. Surprisingly, the 
expected tetrameric fragment Ag4R4 was not observed (see below for crystallographic details), 
although Ag4Rm (m = 1, 2, 3) fragments were identifiable. Finally, a number of Ag5, Ag6 and 
Ag7 based ions were observed suggesting that higher oligomers may be present in solution. Van 
Koten et al. have observed molecular weights in solution of 880, 940 and 1215 (tetramer 
molecular weight 964-968) also indicative of higher oligomers.249 Graphs displaying observed 
fragment clusters and their theoretical abundance patterns for Ag4R3 and [Ag7R4(+l)] are 
shown in Figure 5-9.
5.2.2 Reactivity o f  {2-(dimethylaminomethyl)phenyl} silver (I) (24) and characterisation o f  
the novel decomposition by-product [Ag(PPh3)J4(Me2(0)Si0Si(0)M e2)2 (25)
When in solution, (24) was vulnerable to decomposition, particularly at elevated temperatures 
(60-70°C). An attempt to crystallise (24) in the presence of triphenylphosphine at -5°C has 
been found to result in cleavage of the Ag-C bond, apparently by reaction with trace quantities 
of dimethylsiloxane polymer present in the apparatus as high vacuum silicone grease (Eqn 5-9).
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2 PPh3
- - - - - - - - - - - - - ► [ A g ( P P h 3)]4 [M e2( 0 ) S i 0 S i ( 0 ) M e 2]2 ( 5 - 9 )
[M e 2S i O ] n
( 2 5 )
The decomposition of (24) in solution was very specific and adducts of (24) were not isolated 
from the recrystallisation attempt. Crystals of a novel silver siloxide triphenylphosphine cluster 
(25) [Ag(PPh3)]4[Me2(0)Si0Si(0)Me2]2 were the only isolable product. The ligand (XVI) can 
formally be identified as a doubly deprotonated dimethylsilane diol species. Although a fairly 
slow reaction at this temperature (crystals started to appear after a number of weeks), the 
siloxide cluster was isolated in significant quantities to allow further spectroscopic 
investigation. This unique silver siloxide complex has also been structurally characterised by 
single cry stal X-ray diffraction and its molecular structure is discussed in 5.4.
NMe.
There has been only one report of isolated compounds containing the Ag-O-Si linkage, this 
paper reporting the synthesis and characterisation ('H NMR and molecular weight 
measurements) of [(Me3P)nAg-0-SiMe3] where n = 1, 2, 3 .301 These compounds remain the 
only spectroscopically characterised examples of silver siloxides to date. There have been no 
reports of crystallographically characterised silver siloxide compounds in the literature.
Me o  




- o o -
Infra-red spectroscopic analysis revealed little useful data, largely due to the lack of 
comparable compounds. The strong sharp absorption at 1435 cm 1 is characteristic of 
triphenylphosphine C-H vibrations. Silver-oxygen vibrations in silver siloxide complexes have
been reported at around 380 cm'1301 although this was beyond the range of instrumentation 
used in this study. However sharp v(Si-O-Si) are reported at 1110-1120 cm'1 when 
Ph2(0)Si0Si(0)Ph2 chelates a metal centre.302 In the IR spectrum of (25) an absorption band 
was observed near this frequency (1096 cm'1, sharp).
Three methyl resonances from the siloxide ligand were observed in both the H and 13C NMR 
at room temperature, indicating non-equivalent methyl groups in the solution structure. 
Integrals determined from ’H NMR suggest methyl groups in approximately a 1:1 :~2 ratio.
Silicon-29 variable temperature NMR experiments revealed two distinct silicon environments 
at -80, -40 and 20°C and this is in accordance with the determined solid state structure (see 
below). At room temperature these resonances are observed at -8.1 and -18.9 ppm and are 
comparable with those observed when this ligand is bound to tin (-17.0 to -19.9 ppm).302 A 
number of minor resonances were also detected at room temperature possibly representative of 
solution decomposition products.
Room temperature31P NMR revealed a slightly broadened singlet which was resolved on 
cooling to -80°C into a pair of doublets suggesting a single phosphorus environment with the 
phosphorus directly bound to a silver atom. From consideration of the solid state structure, the 
phosphorus NMR might have been expected to display two phosphorus resonances. This 
however is not the case which might indicate that the two phosphorus environments may be 
sufficiently close as to be unresolvable, indeed the spectrum appeared slightly broader than 
expected. Spin-spin coupling values f j^ A g -^ P )  = 694 Hz, ^(^A g-^P) = 602 Hz] were 
slightly lower than those reported for [(AgX)PR3]4 in the literature [where R = 2,4,6- 
trimethoxy phenyl, X = Cl, Br, I, 'K ^ A g ^ ’P) = 745-821 H z],82
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Attempts to record silver NMR spectra for this compound failed to yield any observable 
resonances. At room temperature this is as expected due to the lability of PPh3 (as 
demonstrated by the 31P NMR). However despite extended run times, no resonances were 
observed even at low temperature (PPh3 lability has been shown to be dramatically slowed at 
-80°C 15°). The lack of 109Ag resonances may be explained by a) a number of different species 
and/or environments in solution, b) spin-spin coupling by both31P and 29Si or, c) limited 
solubility. One or more of these reasons might reduce 109Ag resonances (normally weak and 
difficult to observe) to a point where observation is impractical.
Mass spectrometry (FAB/LSIMS) experiments on compound (25) allowed observation of a 
large number of silver containing fragments. Nineteen fragments were identified containing 
AgM(silox)o-4L(M [where silox = Me2(0)Si0Si(0)M e2, L = PPh3], The lack of fragments 
containing more than four silver atoms, [Ag50 3(silox)(+2)] being the only species observed, 
indicates that solution species are predominantly of tetranuclear (Ag4) size or smaller.
The most abundant species observed were Ag(0)o.iLn (n = 1, 2) and such species are as 
observed in the mass spectra of numerous other (triphenylphosphine)silver adducts (Chapters 
2-4). A number of other low intensity silver-phosphine fragments were also identified, e.g. 
[Ag2L2(-l)], [Ag20 3L2(+3)], Ag3OL3. In fragments containing more than one silver atom and 
no siloxide ligands, the silver to phosphine ratio is 1:1. In cases where both siloxide and 
phosphine are present the silver to phosphine ratio is always 1:1 or greater. The lack of 
fragments displaying silver to phosphine ratios of less than one indicates that silver appears to 
be coordinatively saturated, thus suggesting a lack of Ag(PPh3)2 units within solution species.
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Table 5-2 Selected mass spectrometric data, compound (25).
Fragment ions a m/z b % c
AgL 369 100 (369)
AgOL 385 7 (385)
AgL-2 631 70 (631)
AgOL2 647 6 (647)
[Ag2(silox)3 (+3)] 715 2.7 (717)
[Ag2L2 (-1)] 737 1.3 (739)
[Ag20 3L2 (+3)] 789 2.9 (791)
[Ag2(silox)L2 (-1)] 903 1.2 (905)
[Ag2(silox)3L (+3)] 977 1.0 (979)
[Ag3(silox)3 (+2)] 821 1.0 (825)
Ag3(silox)L2 1011 0.7(1013)
[Ag3(silox)3L (+2)1 1083 5.1 (1087)
Ag3OL3 1123 0.6 (1125)
[Ag30 3(silox)2L2 (+2)] 1227 1.3 (1229)
Ag3(silox)L3 1273 < 0.5 (1275)
[Ag30 3(silox)2L3 (+2)1 1489 <0 .5  (1491)
[Ag4(silox)2 (+2)1 762 3.6 (766)
Ag40 2(silox)L 888 3.0 (892)
[Ag40 4(silox)4 (+1)] 1157 1.7 (1161)
[Ag50 3(silox) (+2)] 751 2.1 (757)
3 L = PPh3, silox = Me2(0)Si0Si(0)Me2 b based on 107 Ag c based on highest 
abundant peak for the fragment (highest abundant mass fragment)
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Numerous fragments were identified containing the siloxide ligand although only in 
combination with Ag2-Ags. A significant number are seen to contain a higher siloxide to silver 
ratio than predicted by the cry stal structure (expect 2:4). The expected ion for the tetramer 
adduct [Ag4(silox)2L4] was not observed although [Ag4(silox)2 (+2) ] was, paralleling the 
known Ag-L bond lability in solution at room temperature. 150
The reactivity of the Ag-C bond of organosilver compounds has been noted in a number of 
reactions where interesting silver containing products have been isolated. Cyclopentadienyl 
silver compounds have been utilised in situ to prepare a range of silver acetylide adducts (Eqn 
5-10). 285 The preparation of such compounds demonstrates the synthetic utility of nuclcophilic 
substitution at silver where, in this instance, cyclopentadieny l acts as an anionic leaving group.
PR-
A gN 03 + CpLi -> CpAgPR3 + LiN03
LiCEECR'
[R ,P A g-C = C R '] + LiCP (5 -1 0 )
More closely related to the attempt to crystallise (24) in the presence of PPh3, is the literature 
report of attempts to recrystallise Ag4Mes4 (Figure 5-6) in the presence of donor ligands (PPh3, 
2,2'-bipy, THT). 247 24s Such attempts have also been unsuccessful, and reaction with dppm 












The reactivity of silicone grease towards metal centres has been highlighted by a number of 
cases where silanone and siloxane fragments have been identified in crystallographically 
determined coordination compounds. Silicone grease is reported to consist primarily of 
polydimethylsiloxane (>80%), dimethylcyclosiloxane (<1%, ring size unknown) and hydroxy 
terminated dimethylsiloxane (5-10%).303 Recrystallisation of K[biH(CH2CMe3)3] in the 
serendipitous presence of silicone grease has been reported to yield a pseudo-crown ether type 
complex [K ] ,|K(Me2SiO)7+] [InH(CH2CMe3)3 ] where one quarter of the potassium atoms are 
enclosed by a planar cyclo-(Me2SiO)7 ligand. The crystallisation is reported as taking less than 
24 hours although the silicone grease was in high concentration.303 Silicone grease is also 
thought to be responsible for unprecedented insertion of a dimethylsilanone moiety into a Yb-N 
bond. In this case recry stallisation of [Yb(C3N2HMe2-3,5)2(CsH4Me)] in the presence of trace 
silicone grease over several months resulted in the complex [ {Yb(rj2-C3N2HMe2-3,5)(p-ri1: q2-
OSiMe2C3N2HMe2-3,5)(p-CTUMe)}2]. 304
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5.3 SINGLE CRYSTAL X-RAY STRUCTURE DETERMINATION OF 
{2-(dimethylaminoinethyl)phenyl}silver(I) (24)
X-Ray diffraction quality crystals were isolated by refrigeration of the toluene extract of crude 
(24) obtained during its preparation. The crystals appeared fairly stable to light and moisture at 
room temperature, although in solution and at higher temperatures decomposition was a 
problem. X-ray diffraction was carried out at low temperature (-100°C), to minimise crystal 
degradation.
The crystal structure of (24) is comprised of an Ag* planar core where adjacent pairs of silver 
atoms are bridged by aryl groups. Pendant -CH2NMe2 groups bound to each of the aryl ligands 
additionally coordinate to only two of the silver atoms, resulting in two distinct silver 
environments, a two coordinate distorted linear array (AgC2, Agl and Ag3) and a distorted 
four-coordinate geometry (AgC2N2, Ag2 and Ag4). The crystal structure is shown in plan and 
side view in figures 5-10 and 5-11 respectively.
The Ag4 core is essentially flat, deviations from the plane are only 0.01 A for the silver atoms. 
The core however is not a perfect square but distorted significantly into a parallelogram 
arrangement. The Ag-Ag-Ag angles are smaller where two coordinate silver (Agl, Ag3) 
occupies the apex of the angle [ZAg-Ag-Ag : 82.21, 82.76°]. The angles around the four 
coordinate silvers (Ag2, Ag4) are appreciably larger [ZAg-Ag-Ag : 97.41, 97.59°]. This 
parallelogram arrangement results in the four coordinate silver atoms occupying positions 
further into the core than might otherwise be expected. Distances within the core between 
adjacent silver atoms are fairly constant [Ag-Ag: 2.729-2.748A] despite the core distortion 
away from a perfect square. The mean Ag-Ag distance of 2.738A is slightly shorter than
239
observed in the metal (2.89A) and this might indicate some weak metal-metal bonding 
interactions.
The aryl rings lie approximately perpendicular to the plane of the Ag* core. The bridging 
carbons do not lie in this plane but are displaced some 0.82-0.97 A (27.0-32.7 °) from it. Two 
of these carbons lie above and two below the plane, arranged around the ring in an alternate 
up-down pattern (Figure 5-11). The aryl groups bridging silver atoms are bound closer to the 
two coordinate silvers (Ag-C: 2.140-2.172A) than to the four coordinate silver atoms (Ag-C : 
2.351-2.416A). This is brought about by the perpendicular planes containing the aryl rings 
being twisted with respect to the Ag4 parallelogram.
Pendant -CH2NMe2 groups on the aryl rings bind only to Ag2 and Ag4. Each of these silver 
atoms are coordinated by nitrogen from both above and below the Ag* plane. Where the 
bridging carbon in an aryl group is displaced above the plane, its pendant amine coordinates 
from below it, and vice-versa. The silver-nitrogen distances in (24) are significantly longer 
(Ag-N : 2.49-2.56A) than typical Ag-N distances found in donor adducts of silver iodide with 
morpholine (2.39A), 305 piperazine (2.32A) 306 and piperidine (2.329A).307 Longer Ag-N 
distances are observed in a related structure 2-silver(dimethylaminomethyl)ferrocene tetramer 
(Figure 5-5) (2.94A) where silver is essentially digonal with no significant Ag-N interactions.280 
However Ag-N distances in the structure of (24) are significant and are of the order of those 
found in AgN3(2.56lA ).305
The structure of (24) is related to those of other complexes e.g. perfluoro-1-methyl-1-propenyl 
silver(I) [CF3CF=C(CF3)Ag]4 (Figure 5-4),21 mesitylsilver(I) [AgMes]4 (Figure 5-6) 247 248 




















Figure 5-10 Structure of {2-(dimethylaminomethyl)phenyl}silver(I) (24), 
viewed from above the plane of silver atoms.
Figure 5-11 Structure of {2-(dimethylaminomethyl)phenyl}silver(I) (24), 
viewed in the plane of silver atoms.
tetramers.308 In all the silver derivatives, silver is bound to a sp2-hybridised carbons. Whereas 
each of the reported silver structures is essentially symmetrical, the structure of (24) is unique 
in that it contains two distinct silver environments.
Mean silver-silver distances (2.738A) are shorter in (24) than in the related perfluoroalkenyl 
(2.761 A) and mesitylsilver (2.744A) complexes although comparable to the 2-silver(dimethyl 
aminomethyl)methyl ferrocene tetramer (2.740A). Silver-carbon bonds in these related 
compounds are in the range 2.17-2.20A, slightly longer than the shorter Ag-C observed in (24).
The structure of (24) may be visualised as two distorted linear [R-Ag-R]' anions (ZC-Ag-C : 
171-173 °) bridged by two base-stabilised Ag+ cations, [R2Ag]" anions being a common feature 
of organosilver chemistry (see for example Figure 5-2). This visualisation has been used 
recently to describe the structure of the silver acetylide adduct [Ph3PAgC=CPh]4. 285 In this 
case a central Ag4 core is grossly distorted into a ‘flat-butterfly’ configuration and the [AgR2]' 
and [Ag(PPh3)2]+ units are easier to identify.
The tetramer arrangement found in (24) is also strikingly similar to that found in the aurate 
complex [Au2Li2(C6H4CH2NMe2-2)4] (Figure 5-12) where [R2Au]" anionic fragments are 
bridged by the lithium cations each bonded to two -CH2NMe2 groups.265 Solution NMR 
studies on the analogous argentate complex suggest that it displays a similar arrangement in 
solution.263 It has been postulated that the asymmetry of the aryl bridge in these bimetallic 
clusters increases down the series Cu, Ag, Au, but until now no evidence of this asymmetry 
was apparent in [AgR]4 tetramers.
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Relevant bond lengths and bond angles are summarised in Table 5-3, while further data 
including atomic coordinates are listed in Appendix A4.4.
Figure 5-12 Structure of the aurate complex [Au2Li2(C6H4CH2NMe2-2)4] .263
Table 5-3 Relevant bond lengths (A) and angles (°), complex (24).
Ag-Ag Ag-C(short) Ag-C<long) Ag-N
Ag1-Ag2 2.732(2) Ag1-C1 2.162(14) Ag2-C1 2.403(14) Ag2-N1 2.539(10)
Ag2-Ag3 2.748(2) Ag1-C28 2.167(12) Ag2-C10 2.416(12) Ag2-N2 2.493(11)
Ag3-Ag4 2.743(2) Ag3-C10 2.140(13) Ag4-C19 2.362(12) Ag4-N3 2.544(11)
Ag4-Ag1 2.729(2) Ag3-C19 2.172(12) Ag4-C28 2.351(12) Ag4-N4 2.563(10)
Ag-Ag-Ag C-Ag-C Ag-C-Ag N-Ag-N
Ag1-Ag2-Ag3 97.41(6) C1-Ag1-C28 171.0(5) Ag1-C1-Ag2 73.3(4) N1-Ag2-N2 119.1(3)
Ag2-Ag3-Ag4 82.21(5) C1-Ag2-C10 173.0(4) Ag2-C10-Ag3 73.9(4) N3-Ag4-N4 117.0(3)
Ag3-Ag4-Ag1 97.59(5) C10-Ag3-C19 173.4(4) Ag3-C19-Ag4 74.3(4)
Ag4-Ag1-Ag2 82.76(5) C19-Ag4-C28 173.1(4) Ag4-C28-Ag1 74.2(4)
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5.4 SINGLE CRYSTAL X-RAY STRUCTURE DETERMINATION OF 
[Ag(PPh3)]4(Me2(0)Si0Si(0)M e2)2 (25)
X-ray diffraction quality crystals of (25) were isolated from toluene after an attempt to 
recrystallise (24) in the presence of triphenylphosphine. The crystals rapidly lost solvent and 
data collection was carried out at low temperature (-100°C).
The structure of (25) consists of an Ag4 0 4 core arranged in a step conformation where oxygen 
atoms within the core are part of two equivalent bridging siloxide ligands. Additionally each 
silver is bonded to a single triphenylphosphine molecule resulting in two distinct silver 
environments; namely, distorted trigonal (Ag02P, Agl) and distorted tetrahedral (Ag03P,
Ag2). The molecular structure is made up of two asymmetric units with an inversion centre at 
the centre of the cluster. The full structure of (25) is shown in Figure 5-13. A number of atoms 
are omitted in Figure 5-14 to allow a clear view of the central core.
Silver-silver distances within the core are too large to indicate any metal-metal interactions 
(Ag-Ag: 3.090, 3.336A). The angle between adjacent Ag20 2 rings as typified by Agl-01-Ag2 
is 99° and is presumably dictated by the bite angle of the siloxide ligand. Silver-oxygen bond 
lengths in the core are in the range 2.321-2.368A except for A gl-01 ' which is considerably 
shorter (Agl-01: 2.010A) thus indicating that the structure is slightly tapered at both ends. 
Each siloxide ligand provides two distinct oxygen atoms to the core. At the comer (01) the 
oxygen bonded to Sil is bridging two silver atoms while in the centre (02) the oxygen bonded 
to Si2 bridges three silver atoms. Silver-oxygen bond distances are not consistently different 
between these two types.
Figure 5-12 Structure of f Ag(PPh3)]4(Me2(0)Si0Si(0)Me2)2 (25).
Figure 5-13 Core structure of [Ag(PPh3)]4(Me2(0)Si0Si(0)Me2)2 (25), 
incidental atoms are omitted for clarity.
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A phosphorus bonded to each silver completes their coordination sphere. The Ag-P bonds are 
shorter than expected (Ag-P: 2.246-2.262A), other bond lengths for triphenylphosphine adducts 
of silver halides such as [AgX(PPh3)]4 (X = Cl, I) being considerably longer at 2.372-2.466A. 
Similarly silicon-oxygen bonds where oxygen is part of the A g ^  unit are considerably shorter 
(Si-O: 1.568-1.578A) than the silicon-oxygen bond lengths in the ligand (Si-03: 1.647- 
1.649A).
The three-coordinate silver displays a distorted trigonal geometry and similarly the four- 
coordinate silver is highly distorted from a tetrahedral arrangement. In general the phosphorus- 
silver-oxygen angles in both cases are larger than the corresponding oxygen-silver-oxygen 
angles (ZPAgO: 134.2, 114.9, 142.1°; ZOAgO: 91.7°). Relevant angles and bond lengths are 
summarised in Tables 5-4 and 5-5 respectively, further structural data (including atomic 
coordinates) are provided in Appendix A4.5.
Silver siloxide and alkoxide compounds are rare and poorly characterised due to their 
instability as silver(I) is known to prefer ‘softer’ ligands over the ‘harder’ oxygen containing 
ligands. The compound (25) is the first example of a structurally characterised molecule 
containing an Ag-O-Si linkage.
The overall structure of (25) is similar to that determined for the ‘step’ type silver iodide- 
triphenylphosphine adducts [AgI(PPh3)]4, 87 where the core is made up of an A g ^  unit and 
each silver is further coordinated by a triphenylphosphine to give three and four coordinate 
silver atoms (Figure 1-11), analogous to (25). Unfortunately only incomplete structural data 
have been reported for this tetramer. The (AgO)2 rings in the structure of (25) are somewhat 
similar to those found for linked silver carboxylate dimers (Figure 2-4) and in cases such as
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this, Ag-0 distances are of the order of 2.2-2.9A. A number of copper(II) siloxide structures 
have been determined e.g. [Cu(0SiPh20SiPh20 )2 - p. -{Li(py)2}2] 309 and 
[Cu{OSi(OCMe3)3}2py2] , 310 these structures containing chelating and terminal siloxide ligands 
with respect to copper, rather than bridging ligands as in (25).















Table 5-5 Relevant bond lengths (A), compound (25).
Ag-Ag Ag-0 Ag-P O-Si
Ag(1)-Ag(2) 3.336(6) Ag(1)-0(1) 2.010(21) Ag(1)-P(2) 2.246(9) 0(1)-Si(1) 1.578(25)
Ag(2)-Ag(2a) 3.090(6) Ag(2)-0(1) 2.368(16) Ag(2)-P(1) 2.262(8) 0(3)-Si(1) 1.647(21)
Ag(2)-0(2) 2.321(18) 0(2)-Si(2) 1.568(20)
0(3)-Si(2) 1.649(17)
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5.5 FILM  GROWTH RESULTS
Crude compound (24) was tested as a potential precursor for the growth of thin silver films by 
AACVD. Chemical vapour deposition studies were carried out at 310°C under a nitrogen 
atmosphere at 1 bar pressure. Samples were dissolved in THF, nebulised and swept into the 
reaction chamber using a nitrogen carrier gas. Films were grown on glass substrates (substrate 
preparation procedures are outlined in Appendix 6).
Two experiments were undertaken a) with compound (24) and b) with compound (24) in the 
presence of a stoicheometric quantity of triphenylphosphine. Some 0.5-0.6g of precursor 
dissolved in 40 cm3 of THF was utilised in each case. With flow rates of 0.8-0.9 Lmin"1 the 
solution was passed into the reactor in 17 minutes. In the case of a), a faint yellow mark on the 
upstream end of the substrate was the only evidence of deposition having occurred. 
Additionally, solubility in the nebulised solvent was observed to be less than ideal. In an 
attempt to increase solubility, compound (24) was dissolved in THF in the presence of one 
molar equivalent of triphenylphosphine. However, the solution decomposed within the nebuliser 
within a few minutes and no signs of deposition were observed.
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5.6 EXPERIMENTAL
Preparation o f [2-(dimethylaminomethyl)phenyl]silver(I) (24)
A solution of butyllithium (51.2 mmol) in diethyl ether (15 cm3) was added dropwise to a 
solution of N,N-dimethylbenzylamine (7.0g, 51.8 mmol) in diethyl ether (50 cm3). The reactant 
mixture was stirred for 72 hours under nitrogen resulting in a thick lemon precipitate. The 
mixture was cooled to -77°C using a dry ice-acetone bath. Silver bromide (9.7g, 51.7 mmol) 
was added slowly to the constantly stirred reaction mixture. The reagents were stirred at this 
temperature for several hours and allowed to warm to room temperature overnight. While cold 
the mixture appeared grey in colour, although on warming a brown precipitate was evident.
The precipitate was allowed to settle and the supernatant liquid removed using a cannula. The 
precipitate was washed successively with diethyl ether (40 cm3) and pentane (20 cm3). The 
product was extracted with toluene (300 cm3 in three aliquots). Toluene was immediately 
removed from the combined extracts to yield a red solid. A small amount of the toluene extract 
was refrigerated to yield crystals that were subsequently analysed by X-ray diffraction. Yield 
1.8 g, 14%.
Analysis of recrystallised material: found (calculated for C9Hi2NAg) C, 44.6 (44.7); H, 5.02 
(5.00); N, 5.72 (5.79) %. IR (Nujol mull) 400-1800 cm'1: 745sh, 752sh, 804w, 841sh, 1009sh, 
1038w, 1098w, 1154w, 1169w, 1260w, 1306w, 1352w, 1401w, 1568w. ]H NMR (CDC13) 5: 
7.34-7.29 (m, 4H, CefLOLNMe,), 3.42 (s, 2H, -CH2-), 2.24 (s, 6H, -NMe2). 13C NMR 
(CDC13) 5: 129.1 (C6H4CH2NMe2), 128.2 (C^CHsNMes), 127.0 (CgfLCH.NMe,), 65.8 
(-CH2), 45.4 (-NMe2).
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Hydrolysis o f  [2-(dimethylamino)methyl]phenylsilver(I) (24) and the formation o f  
[Ag(PPh3)]2{Me2(0)Si0Si(0)M e2j  (25)
[2-(dimethylamino)methyl]phenylsilver(I) (24) (O.lOg, 0.4 mmol) and triphenylphosphine 
(0.22g, 0.8 mmol) were dissolved in 30cm3 of freshly distilled toluene. The glass joint of the 
flask was lightly greased with high vacuum dimethylsilicone grease. The stoppered flask was 
wrapped in foil and stored at -10°C for several weeks, at which point small clear crystals began 
to form.
Analysis: found (calculated for C4oH4203P2Si2Ag2) C, 53.1 (53.1); H, 4.59 (4.68) %. IR (Nujol 
mull) 400-1800 cm'1: 411w, 505wsh, 519wsh, 693sh, 745, 774, 843wb, 943, 988b, 1028w, 
1096wsh, 1240wsh, 1435ssh. ’HNM R (CDC13) 5: 7.50-7.14 (m, 45H, PPh3 + C ^ C H ,) , 2.35 
(s, 12H, CfiHsCH,), 0.17 (s, ~3H, O-SiMeA 0.14 (s, ~3H, O-SiM^), 0.11-0.10 (m, ~6H, O- 
SiMe?). 13C NMR (CDC13) 5: 137.8 (s, CgHsCHs), 134.1 (d, 16.5Hz, PPh3), 132.1 (d, 28.6Hz, 
PPh3), 130.1 (s, PPh3), 129.0 (s, CgHsCHa), 128.7 (d, 10Hz, PPh3), 128.2 (s, C ^ C H s), 125.3 
(s, C6H5CH3), 21.4 (s, C6H5CH3), 0.92 (s, OSiMe^. 0.87 (s, OSiMeA 0.71 (s, OSiM^). 3,P 
NMR (CDC13/CH2C12) (22°C) 5: 8.7 (s). (-40°C) 5: 7.2 [d-unresolved, 1J(109Ag-31P)~470Hz]. 
(-80°C) 5: 6.3 (dd,1 J(107Ag-31P) = 602 Hz, ]J(109Ag-31P) = 694 Hz). 29Si NMR (CDC13/CH2C12/ 




Four classes of potential precursors for the CVD of silver have been investigated. Compounds 
synthesised have been fully charaterised and screened in a limited number of CVD experiments. 
This short conclusion aims to compare and contrast the compounds prepared in Chapters Two 
to Five and assess their suitability as precursors for the AACVD of silver. Selected film growth 
results are shown in Table 6-1.
In terms of the ease of preparation, silver carboxylates and their phosphine adducts are 
extremely easy to prepare and are reasonably stable in air at room temperature for extended 
periods. Trimethylphosphine adducts were noticed to slowly lose trimethylphosphine at room 
temperature, although it is not known how significant the rate o f loss is. Fluorinated 
carboxylate precursors and their phosphine adducts are also simple to synthesise and are stable 
at room temperature in air. The silver p-diketonate and p-ketoiminate adducts are fairly simple 
to prepare, provided that a few precautions are taken during the synthesis. These compounds 
have a variable stability at room temperature dependent on the nature of the p-diketonate or 
p-ketoiminate itself, compounds containing fluorinated p-diketonates being the most stable.
The organosilver compounds are the most synthetically challenging precursors looked at during 
the course of this project. The compound synthesised being stable in air at room temperature 
for short periods, stability reduced at higher temperature or in solution.
Of the range of silver carboxylates and their phosphine adducts prepared, only the adducts have 
displayed significant film growth properties. Triphenylphosphine adducts have been shown to 
achieve only limited growth rates, but in cases where films could be grown, they were of
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reasonable reflectivity. Trimethylphosphine adducts showed substantially increased growth 
rates although in some cases this was detrimental to surface quality and reflectivity. Carbon 
was the only consistent contaminant in these films, although trace phosphorus was detected in 
cases where trimethylphosphine adducts were used.
In contrast to the unfluorinated carboxylates, the fluorinated carboxylates achieved sufficient 
solubility and volatility to grow films without the need for additional phosphines. These films 
grew at moderately high rates but were of limited quality. Bis(phosphine) adducts of these 
carboxylates were shown to grow higher quality films but at reduced growth rates (in contrast 
to the unfluorinated carboxylates where addition of phosphines increased growth rates). Carbon 
was a consistent contaminant in these films with fluorine (generally trace amount only) detected 
in all but one film.
Silver p-diketonate adducts displayed a variety of film growth properties dependant on the 
nature o f the P-diketonate ligand. Fluroinated p-diketonates displayed superior film growth 
properties over unfluorinated p-diketonates. Of note is the fact that in these screening tests the 
compound containing the tfac ligand proved to be superior (in both growth rates and film 
quality) than to the compound containing the hfac ligand (upon which most current literature 
work has been based). p-Ketoiminates also grew high quality films at high growth rates.
Carbon was the only consistent contaminant in films grown from these precursors.
Only one organosilver compound was tested during these studies and as such these results 
should not necessarily be regarded as representative. The compound proved ineffective at film 
growth under these conditions in the presence or absence of solubilising triphenylphosphine.










A g02CMe(PPh3)3 — 49 .7 00 too thin for analysis too  thin for analysis
A g02CtBu(PMe3)2 13.7 0.7 168 C, P (trace) level surface com prised of a thick 
mat of crystals
A g02CtBu(PPh3)2 5.7 22 .2 00 C sm ooth  film
AgO20Mes(PMe3)2 4.1 46 .6 00 C rough undulating surface
A g02CC3F7 3.0 0.5 4.2 C very rough surface containing 
crystalline material
A g02CCsFi3 9.0 4.9 14.5 C ,F quite rough surface
Ag02CCsFi3(PPh3)2 2.7 45 .9 00 C, F (trace) sm ooth surface
A g02CC?Fi5 4.8 18.1 2 .7 x 1 0 ® C, F (trace) roughish surface
Ag(tfac)PPh3 16+ 62 .5 2 .2 C fairly sm ooth regular surface
Ag(hfac)PPh3 10.6 0.3 186 C, P (trace) even surface com prised of a thick 
mat of crystals
Ag(hfacNhex)PPh3 16.4 64 .7 1.1 C fairly sm ooth even  surface
Ag(hfacNchex)PPh3 19.1 51.4 167 C fairly sm ooth  but undulating surface
a k = 550 nm, corresponding to the peak in the eye response curve b resistance was measured over a 25 mm square
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APPENDIX ONE W9Ag Nuclear Magnetic Resonance Spectroscopy
At first glance there appears no obvious reason why silver NMR is not a more commonly used 
tool in chemistry. The high abundance of two I = Vi nuclei appear to make this area of 
chemistry amenable to multinuclear NMR studies. However in addition to the problem of low 
resonant frequencies (normally requiring a low frequency probe), there are two major 
difficulties; receptivity and relaxation times.
Naturally occurring silver contains approximately equal amounts of the two isotopes 107 and 
109 (Table 6-2). Due to the larger magnetogyric ratio, the less abundant 109 nucleus is more 
receptive to NMR observation, but only by a factor of 1.4, having a relative receptivity about 
28% that of carbon 13.311
Table 6-2 Nuclear Properties of Silver.311
Natural Nuclear Magnetogyric NMR Relative
abundance Magnetic ratio g, frequency. receptivity b
Isotope Spin N/% moment m /107rad rV MHza
107 -y2 51 .83 -0 .1 1 3 5 -1 .08 4 .0 5 0 .195
109 -1/2 48 .17 -0 .1305 -1 .24 4 .6 5 0 .276
a (*H = 100 MHz, 2.3488T) b in comparison with 13C NMR
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The other major difficulty lies in the feet that the relaxation times for these nuclei are so long 
(for 109Ag in AgN0 3 /D20 , Ti is 1115 seconds).312 This has been attributed to the lack of 
quadrapolar nuclei (quadrapolar relaxation mechanism) and because silver does not normally 
exist in proximity to protons (dipolar relaxation mechanism).313 The relaxation times may be 
reduced by the addition of paramagnetic materials, but this may also induce shifts and/or line 
broadening. Additionally the improvement of spectra from nuclear Overhauser enhancement 
(NOE) experiments is not possible due to the negative gyromagnetic ratios of both nuclei. 
Polarisation transfer experiments (INEPT) have been shown to increase the quality of spectra 
(ie. the signal to noise ratio) by up to 20 fold,314 although to reach this level of enhancement, 
the silver atom has to be directly bonded to a more sensitive nucleus (*H or 31P).
Initial detection of the nuclear magnetic resonance of silver dates from the 1950’s with reports 
of silver resonances found in strong aqueous solutions of silver nitrate,315 316 and in AgF 
crystals.317 Aside from studies of the metal, silver NMR did not progress to any large extent 
until the advent of Fourier transform methods. Early work reported ‘Quadriga’ pulse 
techniques to detect very weak Ag NMR signals,318 and studies of silver ions in aqueous 
solutions.319 Subsequent work investigated inorganic and organic silver complexes by 
dissolving silver salts in various solvents; acetonitrile, propionitrile, pyridine, ethylamine, 
aqueous sodium thiosulphate, 320 and water - ethylamine mixtures.312
These studies are complemented by work examining the concentration dependence of Ag(I) 
salts in solutions of water, acetonitrile and water/acetonitrile,321 and in non-aqueous solvents, 
acetone, methanol, THF, pyridine.322 Silver nitrate - thiourea reactions in DMSO have been 
observed using a combination of 13C and 109Ag NMR data.323 Similar work subsequently 
observed complexation with various nitrogen and nitrogen-sulphur ligands.324
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Spin-spin coupling with silver has been observed with lH, ?Li, 13C, 19F, 31P and 195Pt (Table 
6-3). The majority of coupling constants for silver have been reported v ia31P NMR, silver 
coupling to phosphine ligands is readily observed although cooling may be required to reduce 
the lability of complexes.325
Table 6-3 Spin-spin coupling constants for 109Ag.
J Complex type Range (Hz) Ref
nJ(109Ag-1H) Organometallic or N-donors 0.3-14 327
1J(109Ag-7Li) [Ag2Li2(C6H4CH2NMe2-2)4] 3.9 265
1J(109Ag-13C) Organometallic 96-164 283, 328-330
1J(109Ag-13C) Carbonyl 190-284 331
nJ(109Ag-19F) Fluoroalkyl 8-37 268
1J(109Ag-31P) PR3. P(OR)3 253-1217 325, 326
2J(109Ag-31P) [Ag(CHRPPh3)X] 9-10 329, 330
1J (107.109AgJ07.109A g) Ag2Ru4 clusters 30-49 332, 333
1J(195Pt-109Ag)
i i 
[L3RN— NAgBr] -170 334
A number of publications report the application of doping agents to decrease relaxation times, 
using metal ions; (Mn2+) , 315,316 (Ni2+), 321,322 or organic ligands.335 337 This technique is not in
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widespread use due to shifting or broadening of resonance signals, however the use of organic 
species has been found to have a less drastic effect. Addition of 0.02M TANOL (2,2,6,6- 
tetramethyl-4-hydroxypiperidine-l-oxyl) as a doping agent to aqueous solutions of various 
silver salts has reduced the need for long experimental run times. These spectra are found to 
remain sharp although the chemical shift was also found to be dependant on the concentration 
of TANOL (chemical shifts were corrected by lOppm for 0.02M TANOL).
Enhancement techniques have been developed for cases where spin-spin coupling is observed in 
'H or 31P NMR.338,339 The INEPT technique (Insensetive Nuclei Enhancement by Polarization 
Transfer) depends on a transfer of polarization from a more sensitive nucleus S (*H or 31P) to a 
less sensitive nucleus I (109Ag). The gain in signal-to-noise ratio using the INEPT sequence can 
lead under optimal conditions to a factor of up to 20. The attainment of such improvements in 
the S/N ratio however is difficult, in general the metal centre is not always directly bonded to 
the S nucleus, and thus the effect of a remote S nucleus reduces the theoretical enhancement to 
a few percent. However the pulsing rate of the INEPT sequence is no longer governed by the 
silver Tj but rather by the S nucleus Ti, the intrinsic experimental time saving derived from the 
absence of long relaxation delays is appreciable and is about a factor of 400 for 109Ag.
INEPT sequence studies of silver(I) with neutral multidentate donor ligands have progressed to 
the point of a valuable technique, but only when 3J(H-Ag) is found in the proton spectra.340 342 
Subsequent 31P-Ag INEPT studies have used the 31P nuclei as the sensitive nucleus S, 343 where 
many values for lJ(Ag-31P) are known. The technique has also provided evidence for direct Ag- 
Pt bonding 334 and observation of one bond silver-silver coupling.332,333 A number of reviews of 
silver NMR have been published by Goodfellow (1978), 344 Henrichs (1983), 313 Goodfellow 
(1987)345 and Mann (1991).346
262
APPENDIX TWO FAB mass spectrometry
Fast atom bombardment - mass spectrometry (FAB/MS) is a soft ionisation technique that is 
readily applied to those compounds for which conventional Electron Ionisation (El) or 
Chemical Ionisation (Cl) mass spectrometry methods are problematic. The term Fast Atom 
Bombardment and its acronym (FAB) were first coined in 19813*7 and resulted from work 
derived from the established Secondary Ion Mass Spectrometry (SIMS) methodology, the 
techniques sharing many features. The methods utilise beams of neutral or charged atoms to 
dislodge (sputter) charged species from the sample into the vapour phase for mass 
spectrometric analysis.
Distinctions between FAB/MS and SIMS are not clearly defined and there remains some 
debate as to exact definitions.348 FAB/MS usually takes place with the sample dissolved in a 
liquid matrix and SIMS is typically carried out with sputtering from solid samples. However, 
SIMS techniques may also be used on samples in the form of a liquid matrix and this 
methodology is distinguished as Liquid-SIMS (LSIMS). SIMS has further developed into a 
powerful surface analysis tool 349-351 and more recently through Imaging-SIMS to scanning ion 
microscopy (SIM ).352> 353 FAB/MS experiments carried out in connection with this present 
study are best described as LSIMS.
In this technique a fast atom beam (Ar, Xe, Cs+of 2-25 keV) is aimed at a liquid sample 
suspended on a probe tip. Liquid samples may be used neat although most compounds are 
dissolved in a non-volatile liquid matrix, sometimes with foe aid of a co-solvent. The liquid 
droplet form allows for a continually renewed surface area from which foe species are 
sputtered. Glycerol remains foe most popular matrix liquid but other possible candidates
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include 3-nitrobenzyl alcohol, thioglycerol, DMSO, di-te/7-amylphenol and various crown 
ethers. 354 The liquid droplet is suspended on a direct insertion probe tip, typically made of 
copper or stainless steel. Copper (from the probe) has occasionally been found to incorporate 
into clusters with the sample or matrix.355 The beam and sample probe are arranged in such a 




Figure 6-1 Schematic diagram of a simplified FAB or LSIMS source.
(a - probe, b - fast atom beam, c  - atom gun, d - sputtered secondary' ion beam, 
e - source ion optics, f - to mass analyser)
'Soft' ionisation techniques have the advantage of producing high mass cluster ions from 
normally involatile compounds where hard ionisation methods (EI/CI) cannot. FAB/MS 
spectrometry is reported as being able to detect fragments as large as 15,000 daltons. ,S4 
although a 250-3000 dalton mass-fragment range is more common. Additionally these spectra 
can be obtained at room temperature which allows analysis of thermally unstable compounds.
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Both positive and negative ions may be produced by alterations in the acid-base equilibrium 
inside the liquid matrix and observation of both cations and anions by fast atom methods are 
common in the literature. Most FAB spectra resemble Cl spectra in comprising even-electron 
cations and anions, often including the molecular ion. Fragmentation pathways are normally 
identified by removal of a neutral molecule and hydrogen transfer is also often involved.348
Mass-spectral fragments of most interest to this study are those containing silver atoms. These 
fragments are readily identified by the pattern resulting from the isotopic abundances of the two 
naturally occuring isotopes 107 and 109. These isotopes occur in almost equal proportions 
(51.83% 107Ag, 48.17% 109Ag) at two mass units apart. Distinct patterns are identifiable for 
fragments containing 1-3 silver atoms and fragments containing more silver atoms than this 
also exhibit characteristic features. Where the number of silver atoms is larger (>3) there is 
some difficulty in identifying the exact number of silver atoms involved because the low 
intensity peaks are lost to the background noise level. Figure 6-2 shows the expected patterns 
for Ag, Ag2, Ag3 and Ag4 containing species.
There have been a number of reports of silver compounds being examined using FAB/MS and 
related ‘soft’ ionisation techniques in the literature.356-361
APPENDIX THREE Energy Dispersive X-Ray Spectrometry
The action of high energy electrons allows the generation of element specific X-rays for both 
qualitative and quantitative elemental analysis. The detection and measurement of these X-rays 
is the basis for a number of techniques of which Energy Dispersive X-ray Spectrometry
(c) (d)
Figure 6-2 Expected mass-spectral patterns for (a) Ag, (b) Ag2, (c) Ag3 and (d) Ag4 containing clusters.
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(EDXS or ED) is one.362 Films grown using the AACVD of silver in this study were analysed 
using these techniques under electron microscope conditions.
Accelerated electrons within the electron microscope cause ionisation of atoms within the 
sample where electrons can be ejected from any shell. The probability of ionisation of a 
particular atom (defined as its ionisation cross-section) varies in complex ways with the energy 
of the electron beam, atomic number and numerable other parameters. The energy of the 
electron beam must be in excess of the binding energy of the electron to cause ionisation, this 
energy may vary from several hundred electron volts (eV) (for light elements) to up to a 
hundred thousand electron volts (keV) (inner shells for heavy elements). Elemental 
characteristic X-rays are then emitted when electrons in outer shells move to fill the vacant 
orbitals and this is the basis for energy dispersive X-ray spectroscopy.
These X-rays are also responsible for the ejection of high energy electrons from outer shells, 
and these are known as ‘Auger’ electrons. The energies of these electrons are also element and 
shell characteristic, their detection and measurement forming the basis of Auger Electron 
Spectroscopy (AES).
The shells of electrons around the atom are defined K, L, M, N etc. with K being the innermost 
shell. An X-ray emitted from a particular shell carries the designation of that shell. For 
instance, if an electron is removed from the K shell and the vacancy refilled from the L shell, 
this gives rise to X-rays of a characteristic wavelength denoted K«. If the vacancy is filled from 
the M shell, this gives rise to X-rays of a different wavelength denoted Kp. In more complex 
situations further numbers are used to designate which orbitals within a shell are involved in 
transitions.
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In Energy Dispersive X-ray Analysis, the energy range of observable X-rays is divided into 
channels and the number of X-rays detected within a channel's range is counted. These results 
are plotted in graph fonn with energy (in eV) on the x-axis and X-ray count numbers on the 
y-axis. A typical example of a sample examined by ED in this study is shown (Figure 6-3). A 
number of points are worthy of note.
Na
Mg
X -R a y  E n e r g y  (k e V ) 2.1 4.7
Figure 6-3 Example of an energy dispersive X-ray spectrum 
of a thin silver film on a glass substrate.
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• The X-ray detector is capable of detecting a wide energy range of X-rays emitted from the 
sample. For a given experiment X-rays detected will be between zero and the energy of the 
incident electrons. As protection, a beryllium window (typically 8pm thickness foil) is 
fitted over the detector to prevent gas leaking into the detector vacuum chamber. The 
window is transparent to X-rays of 3 keV or higher but below this transmission of X-rays 
fall off rapidly to cut-off at around 1 keV. Measurement of X-rays at this lower energy (ie. 
from the lighter elements C, O, F etc.) requires a high vacuum in the SEM chamber to 
allow for removal of the window, thus detection of the lighter elements is more difficult and 
time consuming.
• Examination of a suitable sample by ED or SEM requires a conducting surface with a 
conducting route to ground. If the surface of the sample is not conducting enough, ie. if the 
film is too thin, discontinuous or resistive due to the presence of impurities, an electric 
charge will build up on the surface of the sample where electrons cannot escape to ground. 
The build up of an electric field, known as ‘charging’, will also decelerate the incoming 
electron beam, lower the kinetic energy of the electrons and artificially reduce the 
maximum energy of X-rays detected. Figure 6-3 is an example of a sample examined by 
ED with the beryllium window removed, there is no evidence of ‘charging’ as the energy of 
detected X-rays tends to zero close to the kinetic energy of the incident electrons (5 keV).
• The large peak at the low energy end of the spectrum is a feature of the technique and is 
not indicative of elemental characteristic X-rays. The lighter elements give higher numbers 
of X-rays and therefore this technique is more sensitive to impurities of lighter elements. If 
a peak from a light element is resolved in the ED spectra then the element’s concentration 
is likely to be upwards of 0.5%wt.363 The electron accelerating voltage influences the
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intensity of X-rays produced by the sample. In order to obtain a reasonable intensity of X- 
rays it is desirable to use an electron accelerating voltage substantially higher than the 
peaks of interest.
The electron accelerating voltage also influences the penetration of electrons into the 
sample, higher energy electrons will have a higher penetration and will result in X-rays 
from elements deeper inside the sample. This is shown in Figure 6-3 as the presence of 
silicon, oxygen, sodium and magnesium from the glass substrate are detected as well as 
silver. By reducing the accelerating voltage of the electrons, the surface region is found to 
have a greater influence on the X-rays detected (Figure 6-4). ED measurements on the 





20 kV electron x-ray
Figure 6-4 Computer prediction plots of electron trajectories and 
X-ray generation in copper at varying accelerating voltages.
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In addition to qualitative analysis, ED may be used as a quantitative analytical method for the
* 362 363 , _,iestimation of the thickness of thin films and this method is fairly well developed. ’ The film 
thickness can be estimated by the correlation of the number of X-rays detected as compared to 
a bulk sample of a silver standard under identical conditions. In this manner the thickness of 
thin films of silver on glass were estimated by comparing the number of X-rays detected in the 
peak channel of silver La] in both the sample and standard after background levels are 
subtracted. The combination of statistical, instrumental and measurement errors are estimated 
to be not more than ± 20 % for thickness measurements, but due to a number of factors the 
thinner films are likely, if  anything, to be underestimated. It should also be noted that each 
sample analysed was subject to relatively few measurements, and since we cannot be certain of 
the variation in thickness across a substrate, there is a possibility that these coating thickness 
estimates may not be representative of the film. Discussions of error assessment for this 
technique can be found in the literature.362' 363
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APPENDIX FOUR X-Ray Crystallographic Data
A4.1 Structural data for compound (3), A g02CCH3(PPh3)2
A crystal of approximate dimensions 0 .3x0 .3 x 0 .4  mm was used for data collection.
Crystal data: 691.5 triclinic, a = 10.092(2), b = 13.783(3), c =
24.179(5)A, of= 92.04(2), J3= 90.60(2), y= 100.19(2), U= 3307.8 A3, space group PA  
(No. 2), Z  = 4, Dc = 1.39 gem"3, p(Mo-Ka) = 7.30 cm"1, F(000) = 1416. Data were measured 
at room temperature on a CAD4 automatic four-circle diffractometer in the range 2>0>22°. 
8339 reflections were collected of which 5491 were unique with I>2a(I). Data were corrected 
for Lorentz and polarization but not for absorption. The structure was solved by Patterson 
methods and refined using the SHELX 364,365 suite of programs. Benzene rings were refined as 
rigid hexagons. One phenyl group, attached to P4, exhibited 39% disorder. The minor 
occupancy atoms (C64' - C68') were refined isotropically although all other atoms in the 
structure were treated anisotropically. The asymmetric unit was seen to consist of 2 
independant molecules which were refined in separate blocks during the latter stages of 
convergence. Hydrogen atoms were included at calculated positions except in the case of the 
disordered phenyl group with minor occupancy (C64' - C68'). Final residuals after 10 cycles of 
least squares were R = 0.0395, Rw = 0.0385, for a weighting scheme of w = 2.4850/[ct2(F) + 
0.000355(F)2]. Max. final shift/esd was 0.002. The max. and min. residual densities were 0.26 
and -0.21 eA"3 respectively. Final fractional atomic coordinates, isotropic thermal parameters, 
bond distances and angles are presented in full in the following tables. The asymmetric unit is 
shown in Figure 6-5, along with the labelling scheme used.
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Table 6-4 Complex (3), fractional atomic co-ordinates (xlO4) and equivalent isotropic
temperature factors (A2 xlO3).
X y z U
Ag(l) 1699 1934 1274 49
P(l) 2162(1) 261(1) 1372(1) 44(1)
P(2) 2797(1) 3248(1) 702(1) 47(1)
0(1) -534(4) 2161(3) 1564(2) 69(2)
0(2) 1088(4) 2478(3) 2182(2) 74(2)
C(2) 701(5) -1554(3) 1703(2) 90(3)
0(3) -226(5) -2123(3) 2037(2) 127(4)
0(4) -827(5) -1674(3) 2470(2) 116(5)
0(5) -502(5) -656(3) 2569(2) 102(4)
0(6) 425(5) -87(3) 2234(2) 70(3)
0(1) 1026(5) -535(3) 1801(2) 50(2)
0(8) 870(3) -724(3) 444(2) 66(3)
0(9) 787(3) -1212(3) -74(2) 79(3)
0(10) 1949(3) -1429(3) -321(2) 78(3)
0(11) 3193(3) -1158(3) -50(2) 85(3)
0(12) 3276(3) -670(3) 468(2) 64(3)
0(7) 2115(3) -453(3) 715(2) 50(2)
0(14) 4137(4) -505(2) 1971(2) 65(3)
0(15) 5464(4) -524(2) 2131(2) 86(3)
0(16) 6500(4) 215(2) 1968(2) 81(3)
0(17) 6210(4) 973(2) 1646(2) 69(2)
0(18) 4883(4) 992(2) 1486(2) 56(2)
0(13) 3846(4) 253(2) 1649(2) 48(2)
C(20) 4749(4) 3877(3) 1496(2) 82(3)
0(21) 6052(4) 4062(3) 1721(2) 97(4)
C(22) 7142(4) 3952(3) 1389(2) 87(4)
C(23) 6929(4) 3657(3) 832(2) 78(3)
C(24) 5626(4) 3473(3) 608(2) 62(2)
0(19) 4536(4) 3582(3) 940(2) 49(2)
C(26) 3065(3) 5328(3) 710(2) 68(3)
C(27) 2543(3) 6200(3) 710(2) 87(3)
C(28) 1155(3) 6166(3) 731(2) 87(4)
C(29) 289(3) 5260(3) 752(2) 108(5)
C(30) 811(3) 4388(3) 753(2) 87(3)
C(25) 2199(3) 4422(3) 731(2) 52(2)
C(32) 2928(4) 1932(3) -172(2) 65(3)
C(33) 3046(4) 1636(3) -724(2) 82(3)
C(34) 3152(4) 2328(3) -1135(2) 85(3)
C(35) 3139(4) 3317(3) -995(2) 75(3)
C(36) 3022(4) 3613(3) -442(2) 66(3)
C(31) 2916(4) 2921(3) -31(2) 50(2)
C(37) -125(6) 2392(4) 2041(3) 54(2)
C(38) -1113(6) 2538(5) 2486(3) 75(3)
Ag(2) 3411 3298 -3697 56
P(3) 2033(2) 1943(1) -4221(1) 50(1)
P(4) 3114(2) 5031(1) -3732(1) 50(1)
0(3) 5475(5) 3219(4) -3232(2) 84(2)
0(4) 3779(5) 3118(5) -2676(2) 114(3)
C(40) -267(4) 2396(2) -3745(2) 56(2)
0(41) -1587(4) 2206(2) -3558(2) 79(3)
0(42) -2314(4) 1245(2) -3584(2) 88(3)
0(43) -1720(4) 474(2) -3797(2) 94(4)
0(44) -400(4) 664(2) -3984(2) 74(3)
0(39) 327(4) 1625(2) -3958(2) 53(2)
0(46) 2690(5) 172(3) -4669(2) 87(3)
0(47) 3309(5) -654(3) -4641(2) 110(4)
0(48) 3969(5) -831(3) -4156(2) 106(4)
0(49) 4010(5) -183(3) -3697(2) 102(4)
0(50) 3391(5) 643(3) -3724(2) 79(3)
0(45) 2731(5) 820(3) -4210(2) 55(2)
0(52) 2914(3) 2359(3) -5276(2) 74(3)
0(53) 2782(3) 2470(3) -5844(2) 85(3)
0(54) 1506(3) 2322(3) -6093(2) 85(3)
0(55) 362(3) 2063(3) -5775(2) 82(3)
0(56) 494(3) 1952(3) -5207(2) 68(3)
0(51) 1770(3) 2100(3) -4957(2) 55(2)
0(58) 3875(3) 6910(2) -3206(2) 47(2)
0(59) 4761(3) 7628(2) -2900(2) 51(2)
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C(60) 6005(3) 7433(2) -2725(2) 52(2)
C(61) 6364(3) 6521(2) -2855(2) 50(2)
C(62) 5478(3) 5803(2) -3161(2) 45(2)
C(57) 4233(3) 5998(2) -3337(2) 40(2)
C(64) 3468(11) 4916(6) -4855(3) 124(9)
C(65) 3597(11) 5244(6) -5394(3) 159(11)
C(66) 3315(11) 6169(6) -5515(3) 93(7)
C(67) 2905(11) 6767(6) -5096(3) 117(10)
C(68) 2776(11) 6439(6) -4556(3) 98(7)
C(63) 3057(11) 5513(6) -4436(3) 65(3)
C(70) 1368(5) 4722(3) -2878(2) 87(3)
C(71) 142(5) 4665(3) -2609(2) 126(4)
C(72) -954(5) 4943(3) -2878(2) 139(6)
C(73) -825(5) 5278(3) -3416(2) 137(6)
C(74) 401(5) 5335(3) -3685(2) 100(4)
C(69) 1498(5) 5057(3) -3416(2) 63(3)
C(75) 5001(8) 3179(5) -2758(3) 69(3)
C(76) 5956(7) 3268(6) -2267(3) 93(4)
Table 6-5 Complex (3), anisotropic temperature factors (A xlO3).
u„ u 22 u 33 u 23 U,3 u 12
Ag(l) 41 44 61 5 10 9
P(l) 42(1) 41(1) 51(1) 5(1) 3(1) 8(1)
P(2) 39(1) 42(1) 62(1) 8(1) 9(1) 8(1)
0(1) 45(2) 99(3) 62(3) -12(3) 0(2) 16(2)
0(2) 36(3) 104(4) 81(3) -32(3) -8(2) 11(2)
C(2) 120(6) 65(5) 74(5) 14(4) 0(5) -15(4)
C(3) 146(9) 98(7) 109(8) 40(6) -25(6) -60(6)
C(4) 66(5) 151(9) 117(8) 82(7) -17(5) -32(6)
C(5) 65(5) 162(9) 87(6) 68(6) 25(4) 31(5)
C(6) 59(4) 81(5) 77(5) 26(4) 8(4) 23(4)
C(l) 43(3) 50(4) 56(4) 12(3) -1(3) 4(3)
C(8) 61(4) 77(4) 62(4) -7(4) -11(3) 19(3)
C(9) 76(5) 82(5) 75(5) -4(4) -22(4) 8(4)
C(10) 97(6) 69(5) 65(5) -6(4) -7(4) 13(4)
C(ll) 78(5) 96(6) 81(6) -21(4) 13(4) 15(4)
C(12) 61(4) 70(4) 61(4) -15(3) 1(3) 15(3)
C(7) 51(4) 36(3) 65(4) 6(3) -4(3) 10(3)
C(14) 63(4) 58(4) 76(5) 0(4) -16(4) 15(3)
C(15) 86(6) 69(5) 105(6) -2(4) -32(5) 24(4)
C(16) 60(5) 90(5) 95(6) -35(5) -30(4) 31(4)
C(17) 49(4) 79(5) 75(5) -18(4) -3(3) 6(3)
C(18) 45(4) 63(4) 57(4) -3(3) 1(3) 3(3)
C(13) 56(4) 42(3) 47(4) -1(3) -2(3) 13(3)
C(20) 55(5) 130(7) 61(5) 15(4) 8(4) 15(4)
C(21) 72(5) 156(8) 61(5) 22(5) -9(4) 9(5)
C(22) 57(5) 98(6) 103(6) 40(5) -18(5) 3(4)
C(23) 50(4) 78(5) 107(6) 6(4) 3(4) 12(3)
C(24) 37(4) 60(4) 87(5) -2(3) 6(3) 6(3)
C(19) 47(4) 40(3) 61(4) 15(3) 4(3) 3(3)
C(26) 62(4) 50(4) 94(5) 7(4) 11(4) 10(3)
C(27) 101(6) 41(4) 116(6) 2(4) 14(5) 7(4)
C(28) 102(6) 60(5) 108(6) 7(4) 14(5) 41(4)
C(29) 67(5) 66(5) 197(10) 3(5) 12(5) 29(4)
C(30) 45(4) 53(4) 167(8) 12(4) 8(4) 13(3)
C(25) 45(4) 42(3) 72(4) 6(3) 8(3) 10(3)
C(32) 68(4) 54(4) 74(5) 2(3) 14(4) 13(3)
C(33) 73(5) 80(5) 92(6) -21(5) 6(4) 13(4)
C(34) 86(5) 109(6) 58(5) -13(5) 5(4) 20(5)
C(35) 86(5) 89(5) 49(5) 8(4) 2(4) 13(4)
C(36) 61(4) 67(4) 71(5) 14(4) -1(3) 14(3)
C(31) 35(3) 53(4) 63(4) 6(3) -1(3) 11(3)
C( 37) 48(4) 47(4) 62(4) -12(3) 3(3) 1(3)
C(38) 57(4) 87(5) 78(5) -24(4) 12(4) 12(4)
Ag(2) 51 42 74 -6 -5 10
P(3) 54(1) 38(1) 58(1) -1(1) 0(1) 7(1)
P(4) 43(1) 37(1) 68(1) -6(1) -9(1) 8(1)
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0(3) 71(3) 107(4) 82(4) 6(3) -6(3) 41(3)
0(4) 60(4) 159(6) 114(5) 43(4) 7(3) -13(3)
C(40) 54(4) 54(4) 62(4) 4(3) 7(3) 13(3)
0(41) 72(5) 77(5) 89(5) -3(4) 9(4) 21(4)
0(42) 58(5) 112(6) 89(6) -1(5) 16(4) 3(5)
0(43) 75(5) 78(5) 118(7) -12(5) 4(5) -13(4)
0(44) 69(5) 56(4) 93(5) -8(4) 11(4) -2(3)
C(39) 50(4) 48(4) 58(4) 0(3) 3(3) 2(3)
0(46) 116(6) 57(4) 95(6) -22(4) -14(5) 39(4)
0(47) 134(8) 73(6) 131(8) -18(5) 7(6) 46(5)
C(48) 105(7) 54(5) 168(9) -3(6) 0(6) 37(4)
C(49) 112(7) 69(5) 132(8) 13(5) -19(6) 37(5)
C(50) 103(6) 49(4) 88(6) 5(4) -5(5) 23(4)
0(45) 52(4) 42(3) 69(4) 7(3) 4(3) 5(3)
0(52) 69(5) 85(5) 64(5) 12(4) 3(4) 4(4)
0(53) 84(6) 89(5) 80(6) 17(4) 15(4) 4(4)
0(54) 112(7) 70(5) 72(5) 13(4) 7(5) 11(4)
C(55) 79(5) 87(5) 78(6) 13(4) -14(4) 14(4)
C(56) 64(5) 74(5) 65(5) 12(4) -3(4) 10(3)
0(51) 59(4) 39(3) 64(4) 1(3) 4(3) 4(3)
C(58) 48(3) 40(3) 57(4) -4(3) 5(3) 15(3)
0(59) 62(4) 42(3) 49(4) -5(3) 2(3) 10(3)
C(60) 53(4) 51(4) 49(4) -6(3) -2(3) -2(3)
0(61) 42(3) 55(4) 51(4) -1(3) 0(3) 3(3)
C(62) 39(3) 44(3) 53(4) -2(3) -4(3) 10(3)
0(57) 38(3) 40(3) 41(3) -1(2) 1(3) 8(2)
0(64) 238(21) 129(12) 37(8) -6(7) -21(9) 122(13)
C(65) 256(25) 185(17) 82(12) -5(11) 1(12) 164(18)
C(66) 104(13) 120(14) 50(9) 17(9) -13(9) 8(11)
0(67) 220(23) 54(8) 78(11) -13(8) -22(12) 31(11)
C(68) 183(18) 50(7) 67(9) -13(6) -16(10) 43(9)
C(63) 71(4) 49(4) 74(5) -19(3) -32(4) 19(3)
0(70) 64(5) 69(5) 130(7) -1(5) 24(5) 19(4)
0(71) 114(7) 82(6) 193(10) 33(6) 79(7) 33(5)
0(72) 71(6) 58(5) 292(15) 30(7) 69(8) 14(4)
C(73) 47(5) 103(7) 270(14) 46(8) 17(7) 25(5)
0(74) 53(5) 77(5) 176(9) 20(5) -10(5) 23(4)
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C(69) 40(4) 32(3) 113(6) -9(3) -9(4) 4(3)
C(75) 63(5) 54(4) 90(6) 25(4) -1(5) 0(3)
C(76) 80(5) 96(6) 94(6) 19(5) -15(5) -12(4)
The temperature factor exponent takes the form: 
-2 (U .h.a* + ... +2U ,h.k.a*.b*)
Table 6-6 Complex (3), hydrogen fractional atomic co-ordinates (xlO4) and isotropic
temperature factors (A2 xlO3).
X y z U
C(64') 2122(22) 4802(15) -4745(9) 88(7)
C(65') 2026(23) 5030(16) -5306(9) 95(7)
C(66') 2691(26) 5886(19) -5489(11) 86(8)
C(67') 3525(23) 6566(18) -5147(10) 70(7)
C(68') 3589(15) 6339(13) -4575(7) 46(5)
H(21) 1114(5) -1863(3) 1405(2) 121(5)
H(31) -450(5) -2824(3) 1970(2) 121(5)
H(41) -1465(5) -2066(3) 2701(2) 121(5)
H(51) -915(5) -347(3) 2867(2) 121(5)
H(61) 649(5) 614(3) 2302(2) 121(5)
H(81) 71(3) -575(3) 614(2) 121(5)
H(91) -70(3) -1398(3) -260(2) 121(5)
H(101) 1891(3) -1764(3) -677(2) 121(5)
H (lll) 3992(3) -1307(3) -220(2) 121(5)
H(121) 4133(3) -483(3) 655(2) 121(5)
H(141) 3423(4) -1014(2) 2083(2) 121(5)
H(151) 5663(4) -1046(2) 2352(2) 121(5)
H(161) 7413(4) 201(2) 2079(2) 121(5)
H(171) 6923(4) 1481(2) 1535(2) 121(5)
H(181) 4683(4) 1514(2) 1265(2) 121(5)
H(201) 3999(4) 3953(3) 1725(2) 121(5)
H(211) 6199(4) 4265(3) 2104(2) 121(5)
H(221) 8039(4) 4079(3) 1543(2) 121(5)
H(231) 7679(4) 3582(3) 604(2) 121(5)
H(241) 5479(4) 3270(3) 225(2) 121(5)
H(261) 4021(3) 5351(3) 695(2) 121(5)
H(271) 3140(3) 6824(3) 695(2) 121(5)
H(281) 7%(3) 6766(3) 731(2) 121(5)
H{291) -667(3) 5237(3) 767(2) 121(5)
H(301) 214(3) 3764(3) 767(2) 121(5)
H{321) 2855(4) 1456(3) 112(2) 121(5)
H(331) 3054(4) 955(3) -821(2) 121(5)
H(341) 3233(4) 2124(3) -1515(2) 121(5)
H(351) 3212(4) 3793(3) -1278(2) 121(5)
H(361) 3013(4) 4294(3) -346(2) 121(5)
H(381) -2002(6) 2451(5) 2326(3) 121(5)
H(382) -876(6) 3191(5) 2650(3) 121(5)
H(383) -1091(6) 2063(5) 2766(3) 121(5)
H(401) 233(4) 3058(2) -3727(2) 121(5)
H(411) -1996(4) 2736(2) -3411(2) 121(5)
H(421) -3222(4) 1114(2) -3455(2) 121(5)
H(431) -2220(4) -188(2) -3815(2) 121(5)
H(441) 9(4) 134(2) -4131(2) 121(5)
H(461) 2235(5) 294(3) -5003(2) 121(5)
H(471) 3280(5) -1100(3) -4957(2) 121(5)
H(481) 4395(5) -1400(3) -4137(2) 121(5)
H(491) 4465(5) -305(3) -3362(2) 121(5)
H(501) 3420(5) 1089(3) -3408(2) 121(5)
H(521) 3792(3) 2460(3) -5104(2) 121(5)
H(531) 3570(3) 2648(3) -6063(2) 121(5)
H(541) 1416(3) 2398(3) -6484(2) 121(5)
H(551) -516(3) 1962(3) -5947(2) 121(5)
H(561) -294(3) 1774(3) -4988(2) 121(5)
H(581) 3018(3) 7044(2) -3327(2) 121(5)
H(591) 4514(3) 8255(2) -2811(2) 121(5)
H(601) 6615(3) 7927(2) -2514(2) 121(5)
H(611) 7220(3) 6387(2) -2734(2) 121(5)
H(621) 5724(3) 5175(2) -3251(2) 121(5)
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H(641) 3662(11) 4279(6) -4772(3)
H(651) 3879(11) 4833(6) -5683(3)
H(661) 3404(11) 6395(6) -5886(3)
H(671) 2711(11) 7404(6) -5178(3)
H(681) 2493(11) 6850(6) -4268(3)
H(701) 2122(5) 4530(3) -2693(2)
H(711) 53(5) 4434(3) -2239(2)
H(721) -1798(5) 4904(3) -2693(2)
H(731) -1579(5) 5469(3) -3601(2)
H(741) 490(5) 5565(3) -4055(2)
H(761) 6860(7) 3308(6) -2396(3)
H(762) 5728(7) 2699(6) -2045(3)














Table 6-7 Complex (3), bond lengths (A).
P(l)-Ag(l) 2.452(4) P(2)-Ag(l) 2.433(3)
0(1)-Ag(l) 2.437(6) 0(2)-Ag(l) 2.416(6)
C(37)-Ag(l) 2.762(10) C(l)-P(l) 1.805(7)
C(7)-P(l) 1.833(6) C(13)-P(l) 1.822(6)
C(19)-P(2) 1.816(6) C(25)-P(2) 1.824(6)
C(31)-P(2) 1.822(7) C(37)-0(l) 1.233(9)
C(37)-0(2) 1.251(8) C(3)-C(2) 1.395(7)
C(l)-C(2) 1.395(7) C(4)-C(3) 1.395(8)
C(5)-C(4) 1.395(7) C(6)-C(5) 1.395(7)
C(l)-C(6) 1.395(8) C(9)-C(8) 1.395(7)
C(7)-C(8) 1.395(6) C(10)-C(9) 1.395(6)
C(ll)-C(10) 1.395(6) C(12)-C(ll) 1.395(7)
C(7)-C(12) 1.395(6) C(15)-C(14) 1.395(7)
C(13)-C(14) 1.395(6) C(16)-C(15) 1.395(6)
C(17)-C(16) 1.395(6) C(18)-C(17) 1.395(7)
































































































Table 6-8 Complex (3), bond angles (°).
P(2)-Ag(l)-P(l) 129.7(2) 0(1)-Ag(l)-P(l) 114.7(2)
0(1)-Ag(l)-P(2) 113.0(2) 0(2)-Ag(l)-P(l) 106.1(2)
0(2)-Ag(l)-P(2) 114.6(2) 0(2)-Ag(l)-0(l) 53.4(2)
C(37)-Ag(l)-P(l) 112.0(2) C(37)-Ag(l)-P(2) 117.8(2)
C(37)-Ag(l)-G(l) 26.5(2) C(37)-Ag(l)-0(2) 26.9(2)
C(l)-P(l)-Ag(l) 116.2(3) C(7)-P(l)-Ag(l) 113.8(3)
C(7)-P(l)-C(l) 103.4(3) C(13)-P(l)-Ag(l) 112.7(2)
C(13)-P(l)-C(l) 105.8(3) C(13)-P(l)-C(7) 103.6(3)
C(19)-P(2)-Ag(l) 107.6(3) C(25)-P(2)-Ag(l) 118.3(2)
C(25)-P(2)-C(19) 103.2(3) C(31)-P(2)-Ag(l) 115.8(2)
C(31)-P(2)-C(19) 104.3(3) C(31)-P(2)-C(25) 106.0(3)
C(37)-0(1)-Ag(l) 91.6(5) C(37)-0(2)-Ag(l) 92.1(5)
C(l)-C(2)-C(3) 120.0(5) C(4)-C(3)-C(2) 120.0(5)
C(5)-C(4)-C(3) 120.0(5) C(6)-C(5)-C(4) 120.0(5)
C(l)-C(6)-C(5) 120.0(5) C(2)-C(l)-P(l) 122.8(5)
C(6)-C(l)-P(l) 117.1(4) C(6)-C(l)-C(2) 120.0(5)
C(7)-C(8)-C(9) 120.0(4) C(10)-C(9)-C(8) 120.0(4)
C(ll)-C(10)-C(9) 120.0(5) C(12)-C(ll)-C(10) 120.0(4)
C(7)-C(12)-C(ll) 120.0(4) C(8)-C(7)-P(l) 117.5(4)
C(12)-C(7)-P(l) 122.4(4) C(12)-C(7)-C(8) 120.0(5)
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C(13)-C(14)-C(15) 120.0(4)
C( 17)-C( 16)-C( 15) 120.0(5)



































C( 16)-C( 15)-C( 14) 120.0(4)
C( 18)-C( 17)-C( 16) 120.0(4)
C(14)-C(13)-P(l) 122.2(4)






























































































































































































































Table 6-9 Complex (3), selected non-bonded distances (A).
Intramolecular: C(6)-Ag(l) 3.750 C(l)-Ag(l) 3.631
Intermolecular: C(9)-Ag(la) 3.802
Key to symmetry operations relating designated atoms to reference atoms at (x,y,z): 
(a) -x,-y,-z
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A4.2 Structural data for complex (12), Ag02CC3F7(PPh3)2
A crystal of approximate dimensions 0.02 x 0.02 x 0.01 mm was used for data collection.
Crystal data: C40H30F7O2P2 Ag, M =  845.45, Triclinic, a = 13.160(5), b = 13.251(4), c = 
13.613(4) A , a  = 97.29(3), 109.15(3), y=  118.20(2)°, U=  1859.6(11) A3, space group
P-1 (No.2), Z = 2 ,D C = 1.510 gem'3, (mMo-Ka) = 0.697 m m 1, F(000) = 852. Crystallographic 
measurements were made at 293(2)° Kona. CAD4 automatic four-circle diffractometer in the 
range 2.03<q<23.92°. Data (6102 reflections) were corrected for Lorentz and polarization but 
not for absorption.
In the final least squares cycles all atoms were allowed to vibrate anisotropically. Hydrogen 
atoms were included at calculated positions where relevant.
The solution of the structure (SHELX86) 366 and refinement (SHELX93) 367 converged to a 
conventional [i.e. based on 4130 with Fo>4s(Fo)] R l = 0.0437 and wR2 =0.1145. Goodness 
of fit = 0.936. The max. and min. residual densities were 0.785 and -0.509eA'3 respectively. 
The asymmetric unit (shown in Figure 3-7), along with the labelling scheme used was produced 
using ORTEX.368 Final fractional atomic co-ordinates and isotropic thermal parameters, bond 
distances and angles are presented in the following tables. Tables of anisotropic temperature 
factors are available as supplementary data.
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Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2a(I)]
R indices (all data)










a=  13.160(5)A <x=  97.29(3)° 
b = 13.251(4)A (3= 109.15(3)° 
c=  13.613(4)A y= 118.20(2)°





0 .02  x 0.02  x 0.01  mm 
2.03 to 23.92°
-15<=h<=0; -13<=k<=15; -14<=1<=15 
6102
5814 [R(int) = 0.0165]
Full-matrix least-squares on F2
5808/0/470
0.936
R1 = 0.0437 wR2 = 0.1145 
Rl = 0.0840 wR2 =0.1483 





Table 6-11 Complex (12), atomic coordinates (x 104) and equivalent isotropic 
displacement parameters (A2x 103).
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
Atom X y z U(eq)
Ag(l) 1571(1) 2804(1) 2306(1) 54(1)
P(l) 897(1) 3791(1) 3342(1) 47(1)
P(2) 1824(1) 1123(1) 2475(1) 49(1)
F(l) 3899(6) 4487(7) 154(6) 157(3)
F(2) 2201(5) 4350(5) -754(4) 126(2)
F(3) 4934(6) 6527(7) 1591(5) 180(3)
F(4) 2977(9) 6390(6) 1361(8) 183(4)
F(5) 4363(9) 7998(6) 830(8) 209(4)
F(6) 2600(12) 6557(11) -411(10) 283(7)
F(7) 4445(9) 6563(8) -299(7) 198(4)
0(1) 3317(5) 4270(6) 1905(5) 117(2)
0(2) 1377(5) 3414(4) 598(4) 82(1)
C(l) 974(5) 5152(5) 3121(4) 49(1)
C(2) 662(6) 5197(6) 2063(5) 63(2)
C(3) 691(7) 6210(7) 1869(6) 81(2)
0(4) 1032(7) 7164(6) 2720(7) 78(2)
0(5) 1349(7) 7122(6) 3758(6) 72(2)
0(6) 1320(6) 6118(5) 3966(5) 62(2)
0(7) 1940(5) 4317(5) 4815(4) 49(1)
0(8) 3262(6) 4959(5) 5149(5) 64(2)
0(9) 4116(7) 5374(6) 6249(6) 76(2)
0(10) 3657(7) 5133(6) 7016(5) 75(2)
0(11) 2363(7) 4510(6) 6702(5) 74(2)
0(12) 1490(6) 4093(5) 5591(5) 59(1)
0(13) -723(5) 2789(5) 3195(4) 53(1)
0(14) -1603(6) 3120(6) 3025(5) 66(2)
0(15) -2832(6) 2289(7) 2896(7) 84(2)
0(16) -3201(7) 1151(7) 2928(6) 87(2)


































-1102(6) 1626(6) 3226(6) 68(2)
3198(5) 1540(5) 3743(4) 54(1)
3532(6) 2395(6) 4698(5) 70(2)
4552(8) 2732(7) 5668(5) 85(2)
5276(8) 2260(8) 5723(6) 91(2)
4972(8) 1425(8) 4797(7) 96(2)
3929(7) 1048(6) 3818(6) 75(2)
2057(5) 407(5) 1404(4) 52(1)
3075(6) 1166(6) 1208(5) 69(2)
3369(7) 669(8) 470(6) 83(2)
2636(8) -556(8) -96(6) 83(2)
1612(7) -1294(6) 76(5) 70(2)
1300(6) -837(5) 819(5) 59(1)
451(5) -89(5) 2569(5) 52(1)
535(6) -379(6) 3516(5) 67(2)
-558(8) -1227(7) 3589(7) 88(2)
-1738(8) -1798(7) 2697(9) 94(2)
-1828(7) -1513(6) 1755(7) 86(2)
-758(6) -662(6) 1689(6) 71(2)
2528(7) 4077(6) 989(6) 63(2)
3093(7) 4758(7) 281(6) 76(2)
3712(13) 6112(10) 708(9) 162(6)
3717(17) 6918(12) 294(22) 244(12)






























































































P(2)-Ag(l)-P(l) 129.28(5) C(7)-P(l)-C(13) 104.7(2)
P(2)-Ag(l)-0(1) 108.3(2) C(7)-P(l)-C(l) 103.4(2)
P(l)"Ag(l)-0(l) 112.8(2) C(13)-P(l)-C(l) 105.3(2)
P(2)-Ag(l)-0(2) 121.62(12) C(7)-P(l)-Ag(l) 109.1(2)
P(l)"Ag(l)-0(2) 107.14(13) C(13)-P(l)-Ag(l) 114.4(2)
0(l)-Ag(l)-0(2) 51.3(2) C(l)-P(l)-Ag(l) 118.6(2)
C(31)-P(2)-C(25) 106.6(3) C(19)-P(2)-C(31) 103.9(3)
C(19)-P(2)-Ag(l) 113.0(2) C(19)-P(2)-C(25) 103.1(3)
C(31)-P(2)-Ag(l) 110.7(2) C(4)-C(3)-C(2) 120.6(6)
C(25)-P(2)-Ag(l) 118.3(2) C(5)-C(4)-C(3) 120.0(6)
C(37)-0(1)-Ag(l) 91.4(4) C(4)-C(5)-C(6) 120.2(6)
C(37)-0(2)-Ag(l) 90.4(4) C(l)-C(6)-C(5) 120.5(6)
C(6)-C(l)-C(2) 119.5(5) C(12)-C(7)-C(8) 119.2(5)
C(6)-C(l)-P(l) 122.5(4) C(12)-C(7)-P(l) 123.5(4)




C( 10)-C( 11 )-C( 12) 120.4(6)
C(7)-C(12)-C(ll) 119.6(6)




C( 16)-C( 15)-C( 14) 121.8(7)
C( 15)-C( 16)-C( 17) 118.6(7)


















































Table 6-13 Complex (12), anisotropic displacement parameters (A2 x 103).
The anisotropic displacement factor exponent takes the form: 
-2 rc2 [ h2 a* 2 U ll + ... + 2 h k a* b* U12 ]
Atom Ull U22 U33 U23 U13 U12
Ag(l) 65(1) 58(1) 56(1) 24(1) 34(1) 39(1)
P(l) 53(1) 52(1) 44(1) 16(1) 23(1) 33(1)
P(2) 52(1) 48(1) 49(1) 14(1) 22(1) 29(1)
F(l) 143(5) 195(6) 215(7) 107(5) 146(5) 98(5)
F(2) 133(4) 114(4) 66(3) 32(3) 33(3) 30(3)
F(3) 89(4) 195(7) 124(5) 62(5) 1(3) 15(4)
F(4) 251(8) 139(5) 270(9) 95(6) 219(8) 112(6)
F(5) 224(8) 73(4) 262(10) 25(5) 102(8) 45(5)
F(6) 231(10) 266(12) 262(12) 35(9) -35(9) 181(10)
F(7) 217(8) 179(7) 202(8) 36(6) 162(7) 73(6)
0(1) 69(3) 164(6) 110(4) 89(4) 36(3) 51(4)
0(2) 65(3) 83(3) 69(3) 18(2) 35(2) 19(3)
C(l) 51(3) 57(3) 52(3) 23(3) 27(3) 34(3)
C(2) 72(4) 70(4) 58(4) 26(3) 28(3) 45(3)
C(3) 102(5) 113(6) 73(4) 61(4) 50(4) 76(5)
C(4) 101(5) 74(4) 100(5) 49(4) 60(5) 61(4)
C(5) 91(5) 64(4) 80(5) 26(3) 44(4) 51(4)
C(6) 80(4) 66(4) 61(3) 26(3) 38(3) 49(3)
C(7) 57(3) 49(3) 51(3) 19(2) 24(3) 35(3)
C(8) 57(4) 62(4) 61(4) 15(3) 23(3) 28(3)
0(9) 57(4) 70(4) 71(4) 12(3) 10(3) 29(3)
0(10) 84(5) 72(4) 53(4) 13(3) 9(3) 48(4)
0(11) 94(5) 77(4) 54(4) 27(3) 32(4) 49(4)
0(12) 61(4) 68(4) 54(3) 24(3) 25(3) 38(3)
0(13) 56(3) 59(3) 40(3) 8(2) 20(3) 33(3)
0(14) 61(4) 70(4) 71(4) 20(3) 29(3) 40(3)
0(15) 54(4) 91(5) 104(6) 22(4) 35(4) 40(4)
0(16) 62(4) 78(5) 99(6) 10(4) 45(4) 23(4)
0(17) 90(5) 60(4) 111(6) 23(4) 58(5) 32(4)
0(18) 69(4) 60(4) 84(4) 22(3) 42(4) 37(3)
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C(19) 51(3) 53(3) 50(3) 13(3) 17(3) 28(3)
C(20) 74(4) 74(4) 56(4) 11(3) 25(3) 41(4)
C(21) 90(5) 94(5) 50(4) 11(4) 20(4) 47(5)
C(22) 76(5) 117(6) 61(4) 27(4) 13(4) 50(5)
C(23) 84(5) 129(7) 84(5) 31(5) 21(4) 78(5)
C(24) 77(4) 82(4) 64(4) 15(3) 20(3) 52(4)
C(25) 57(3) 57(3) 48(3) 17(3) 22(3) 36(3)
C(26) 66(4) 63(4) 65(4) 11(3) 31(3) 29(3)
C(27) 74(5) 100(6) 81(5) 30(4) 47(4) 45(4)
C(28) 97(6) 109(6) 65(4) 19(4) 42(4) 70(5)
C(29) 78(4) 69(4) 57(4) 4(3) 22(3) 45(4)
C(30) 60(3) 53(3) 56(3) 13(3) 21(3) 30(3)
C(31) 54(3) 54(3) 59(3) 18(3) 28(3) 35(3)
C(32) 70(4) 65(4) 69(4) 26(3) 31(3) 38(3)
C(33) 102(6) 83(5) 110(6) 57(5) 71(5) 50(5)
C(34) 72(5) 77(5) 148(8) 52(5) 62(6) 40(4)
C(35) 60(4) 69(4) 117(6) 34(4) 32(4) 31(4)
C(36) 60(4) 71(4) 76(4) 25(3) 26(3) 34(3)
C(37) 63(4) 69(4) 70(4) 30(3) 38(3) 38(4)
C(38) 65(4) 86(5) 83(5) 44(4) 40(4) 37(4)
C(39) 164(11) 96(8) 105(8) 44(6) 24(8) 8(8)
C(40) 150(13) 82(9) 371(30) 48(13) -1(17) 56(9)
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Table 6-14 Complex (12), hydrogen coordinates ( x 104) and isotropic displacement 
parameters (A2 x 103).
Atom X y z U(e
H(2) 435(6) 4555(6) 1486(5) 76
H(3) 477(7) 6245(7) 1158(6) 97
H(4) 1046(7) 7839(6) 2581(7) 94
H(5) 1586(7) 7771(6) 4333(6) 86
H(6) 1535(6) 6093(5) 4681(5) 74
H(8) 3573(6) 5110(5) 4626(5) 77
H(9) 4998(7) 5815(6) 6466(6) 91
H(10) 4229(7) 5394(6) 7754(5) 90
H(ll) 2060(7) 4363(6) 7231(5) 88
H(12) 610(6) 3666(5) 5380(5) 71
H(14) -1375(6) 3892(6) 2998(5) 79
H(15) -3417(6) 2519(7) 2785(7) 101
H(16) -4028(7) 605(7) 2833(6) 104
H(17) -2559(7) 56(6) 3144(7) 106
H(18) -528(6) 1384(6) 3328(6) 82
H(20) 3055(6) 2739(6) 4673(5) 84
H(21) 4752(8) 3293(7) 6299(5) 102
H(22) 5975(8) 2502(8) 6385(6) 110
H(23) 5476(8) 1108(8) 4829(7) 115
H(24) 3715(7) 458(6) 3202(6) 90
H(26) 3558(6) 2002(6) 1568(5) 82
H(27) 4074(7) 1175(8) 358(6) 99
H(28) 2837(8) -880(8) -594(6) 100
H(29) 1111(7) -2124(6) -315(5) 84
H(30) 595(6) -1353(5) 926(5) 70
H(32) 1336(6) 0(6) 4119(5) 80
H(33) -488(8) -1406(7) 4238(7) 106
H(34) -2473(8) -2375(7) 2733(9) 112
H(35) -2629(7) -1905(6) 1149(7) 103
H(36) -843(6) -465(6) 1047(6) 85
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A4.3 Structural data for complex (21), Ag(hfac)(PPh3)
A crystal of approximate dimensions 0.4 x 0.3 x 0.2 mm was used for data collection.
Crystal data: C23Hi60 2F6PAg, M = 577.2 monoclinic, a = 11.175(4), b = 17.457(3), c =
11.260(3)A, 101.14(2), £7=2155.0 A3, space group P2,/c,Z  = 4, Dc = 1.78 gem'3,
p(Mo-Ka) = 10.7 cm'1, F(000) = 1144. Data were measured at 170 K on a CAD4 automatic 
four-circle diffractometer in the range 2>3>24°. 3698 reflections were collected of which 2848 
were unique with I>2a(I). Data were corrected for Lorentz and polarization but not for 
absorption. The structure was solved by Patterson methods and refined using the 
SHELX 364,365 suite of programs. In the final least squares cycles all atoms were allowed to 
vibrate anisotropically. Hydrogen atoms were included at calculated positions except in the 
instance o f H 211 (attached to C21) which was located in an advanced Difference Fourier and 
refined at a distance of 0.98 A from the parent atom. Final residuals after 10 cycles of least 
squares were R -  0.0407, Rw= 0.0459, for a weighting scheme o fw  = 2 .1494/[o2(F) + 
0.001252(F)2]. Max. final shift/esd was 0.000. The max. and min. residual densities were 0.51 
and -0.66 eA'3 respectively. Final fractional atomic coordinates and isotropic thermal 
parameters, bond distances, angles and least square plane calculations are presented in the 
following tables. Tables of anisotropic temperature factors are available as supplementary 
data. The asymmetric unit is shown in Figure 4-10, along with the labelling scheme used.
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Table 6-15 Complex (21), fractional atomic co-ordinates (xlO4) and equivalent isotropic 
temperature factors (A2 xlO3).
x y z U
Ag(l) 2409 329 4808 26
P(l) %1(1) 1319(1) 4529(1) 19
F(l) 5751(3) -1879(2) 6285(3) 39(1)
F(2) 4252(4) -2467(2) 5257(4) 67(1)
F(3) 4080(4) -1894(2) 6918(4) 76(2)
F(4) -5988(3) 742(3) 7610(3) 68(2)
F(5) 4168(4) -847(3) 1315(3) 65(2)
F(6) -4996(3) -238(2) 8277(3) 50(1)
0(1) 3411(3) -699(2) 5621(3) 25(1)
0(2) 3578(3) 114(2) 3324(3) 27(1)
C(l) 18(4) 1185(3) 3024(4) 21(1)
C(2) 608(4) 1120(3) 2042(4) 24(2)
C(3) -44(5) 939(3) 909(4) 29(2)
C(4) -1292(5) 798(3) 743(4) 30(2)
C(5) -1881(4) 855(3) 1711(4) 28(2)
C(6) -1236(4) 1060(3) 2850(4) 21(1)
C(7) -102(4) 1412(3) 5559(4) 20(1)
C(8) -835(4) 2061(3) 5539(4) 21(1)
C(9) -1630(4) 2128(3) 6341(4) 24(1)
C(10) -1702(4) 1540(3) 7155(4) 28(2)
C(ll) -992(4) 893(3) 7167(4) 27(1)
C(12) -192(4) 829(3) 6372(4) 24(1)
C(13) 1658(4) 2266(2) 4572(4) 19(1)
C(14) 1419(4) 2796(3) 3631(4) 21(1)
C(15) 2028(4) 3494(3) 3745(4) 25(1)
C(16) 2848(4) 3674(3) 4777(4) 27(2)
C(17) 3078(4) 3151(3) 5727(4) 28(2)
C(18) 2500(4) 2444(3) 5628(4) 24(1)
C(19) 4546(5) -1843(3) 5919(5) 33(2)
C(20) 4147(4) -1113(3) 5202(4) 24(1)
C(21) 4644(4) -1015(3) 4166(4) 26(2)
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C(22) 4307(4) -421(3) 3316(5) 26(2)
C(23) 4878(5) -443(3) 2177(5) 34(2)
Table 6-16 Complex (21), anisotropic temperature factors (A xlO3).
u „ U22 U33 u 23 u 13 U12
Ag(l) 25 23 31 1 8 9
P(l) 18(1) 17(1) 23(1) 2 7 3
F(l) 29(2) 46(2) 38(2) 7(1) 0(1) 14(1)
F(2) 75(3) 24(2) 82(3) 6(2) -35(2) -1(2)
F(3) 69(3) 80(3) 94(3) 62(2) 56(2) 48(2)
F(4) 49(2) 107(3) 57(2) 22(2) 34(2) 44(2)
F(5) 77(3) 86(3) 37(2) -24(2) 24(2) -30(2)
F(6) 51(2) 62(2) 42(2) 12(2) 24(2) -2(2)
0(1) 25(2) 24(2) 29(2) 1(1) 11(1) 4(1)
0(2) 27(2) 27(2) 30(2) 2(1) 10(1) 2(2)
C(l) 23(2) 15(2) 25(2) -2(2) 8(2) -2(2)
C(2) 23(2) 21(2) 30(2) 1(2) 10(2) 1(2)
C(3) 38(3) 24(3) 29(3) -4(2) 15(2) 0(2)
C(4) 38(3) 26(3) 24(2) -2(2) 2(2) -4(2)
C(5) 23(2) 23(3) 35(3) 2(2) 3(2) -3(2)
C(6) 23(2) 17(2) 23(2) 2(2) 7(2) 1(2)
C(7) 17(2) 19(2) 23(2) -5(2) 2(2) -3(2)
C(8) 22(2) 17(2) 24(2) 2(2) 5(2) -2(2)
C(9) 17(2) 27(3) 27(2) -9(2) 4(2) -2(2)
C(10) 25(2) 35(3) 27(3) -10(2) 12(2) -12(2)
C(ll) 35(3) 26(3) 22(2) 3(2) 6(2) -9(2)
C(12) 29(2) 17(2) 24(2) -2(2) 3(2) -6(2)
C(13) 18(2) 14(2) 28(2) -2(2) 11(2) 0(2)
C(14) 16(2) 25(3) 22(2) -2(2) 1(2) -1(2)
C(15) 25(2) 25(3) 25(2) 4(2) 5(2) -4(2)
C(16) 23(2) 28(3) 31(3) -1(2) 10(2) -7(2)
C(17) 22(2) 38(3) 23(2) -4(2) 3(2) -3(2)
C(18) 21(2) 27(3) 26(2) 3(2) 9(2) 4(2)
C(19) 28(3) 32(3) 39(3) 10(2) 7(2) 8(2)
C(20) 21(2) 21(2) 28(2) -3(2) 3(2) -3(2)
C(21) 18(2) 29(3) 34(3) -1(2) 7(2) 4(2)
C(22) 14(2) 35(3) 30(3) -3(2) 6(2) -3(2)
C(23) 32(3) 46(3) 25(3) -2(2) 6(2) 9(2)
The temperature factor exponent takes the form: 
-2 (U.h.a* + ... +2U .h.k.a*.b*)
Table 6-17 Complex (21), hydrogen fractional atomic co-ordinates (xlO4) and isotropic 
temperature factors (A2 xlO3).
X y z U
H(21) 1474(4) 1198(3) 2157(4) 35(4)
H(31) 361(5) 911(3) 232(4) 35(4)
H(41) -1741(5) 660(3) -43(4) 35(4)
H(51) -2740(4) 753(3) 1595(4) 35(4)
H(61) -1655(4) 1115(3) 3514(4) 35(4)
H(81) -788(4) 2464(3) 4970(4) 35(4)
H(91) -2124(4) 2579(3) 6335(4) 35(4)
H(101) -2247(4) 1584(3) 7713(4) 35(4)
H(112) -1055(4) 484(3) 7722(4) 35(4)
H(121) 301(4) 377(3) 6383(4) 35(4)
H(141) 833(4) 2681(3) 2910(4) 35(4)
H(151) 1874(4) 3854(3) 3089(4) 35(4)
H(161) 3263(4) 4158(3) 4845(4) 35(4)
H(171) 3640(4) 3281(3) 6456(4) 35(4)
H(181) 2677(4) 2080(3) 6277(4) 35(4)
H(211) 5285(35) -1381(24) 4105(46) 35(4)
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C( 15)-C( 14)-C( 13) 119.5(5)
















































H( 101 )-C( 10)-C(9) 119.8(4)
H( 112)-C( 11 )-C( 10) 120.1(4)
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C( 12)-C( 11 )-H( 112) 119.9(4)
H(121)-C(12)-C(ll) 119.9(4)
C( 15)-C(14)-H(141) 120.2(4)












Table 6-20 Complex (21), selected non-bonded distances (A).
Intramolecular:
C(l)-Ag(l) 3.366 C(2)-Ag(l) 3.638
H(21)-Ag(l) 3.331 C(7)-Ag(l) 3.616
C(12)-Ag(l) 3.779 H(121)-Ag(l) 3.211
C(13)-Ag(l) 3.482 C(18)-Ag(l) 3.803
H(181)-Ag(l) 3.461 C(20)-Ag(l) 3.158
C(21)-Ag(l) 3.599 C(22)-Ag(l) 3.227
C(2)-P(l) 2.774 H(21)-P(l) 2.845
C(6)-P(l) 2.830 H(61)-P(l) 2.947
C(8)-P(l) 2.808 H(81)-P(l) 2.905
C(12)-P(l) 2.780 H(121)-P(l) 2.863
C(14)-P(l) 2.853 H(141)-P(l) 2.984
C(18)-P(l) 2.743 H(181)-P(l) 2.803
F(2)-F(l) 2.109 F(3)-F(l) 2.124
0(1)-F(1) 3.298 C(20)-F(l) 2.375
C(21)-F(l) 2.891 H(211)-F(l) 2.561
F(3)-F(2) 2.161 0(1)-F(2) 3.274
C(20)-F(2) 2.366 C(21)-F(2) 2.887
H(211)-F(2) 2.681 0(1)-F(3) 2.573
C(20)-F(3) 2.378 F(6)-F(4) 2.096











































































































































































Key to symmetry operations relating 
designated atoms to reference atoms 
at (x,y,z):
(a) -1.0 +x,y,z












Table 6-21 Complex (21), least square plane calculations.
Plane 1 : Ag-02-C22-C21-C20-01 Plane 2 : P-Ag-02-C22-C21-C20-01
Atom Distance from plane (A) Atom Distance from plane (A)
PI -0.192 PI -0.054
Agl -0.013 Agl 0.058
0 2 0.007 0 2 0.032
C22 0 .0 0 1 C22 -0 .0 1 2
C21 0 .0 0 2 C21 -0.032
C20 -0 .0 2 1 C20 -0.038
0 1 0.027 0 1 0.046
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A4.4 Structural data for complex (24), {2-(dimethylaminomethyl)phenyl}silver(I)
A crystal of approximate dimensions 0.2 x 0.2 x 0.1 mm was used for data collection.
Crystal data: C9H12 Ag N, M  = 242.07, Triclinic, a = 12.110(3), b = 12.301(4), c = 
13.182(4) A , a -88.60(2), -86.84(2), 65.40(2)°, U = 1782.7(9) A3, space group P-l
(No. 2), 2T — 8 , Dc = 1.804 gem"3, (w?Mo-Ffl) = 2.195 mm'1, F(000) = 960. Crystallographic 
measurements were made at 170(2)° AT on a CAD4 automatic four-circle diffractometer in the 
range 2.35<q<22.00°. Data (4646 reflections) were corrected for Lorentz and polarization and 
also for linear crystal decay (24%) but not for absorption. The asymmetric unit was inflict a 
tetramer as expected. In the final least squares cycles all atoms were allowed to vibrate 
anisotropically except for C 13 and C24. Anisotropic refinement o f these 2 carbons would have 
resulted in unsatisfactory thermal parameters, so they were refined isotropically. Hydrogen 
atoms were included at calculated positions where relevant. The solution of the structure 
(SHELX8 6 ) 366 and refinement (SHELX93) 367 conveiged to a conventional [i.e. based on 2295 
with Fo>4s(Fo)] R1 = 0.04% and wR2 = 0.1108. Goodness of fit = 1.068. The max. and min. 
residual densities were 1.486 and -0.793eA"3 respectively. The asymmetric unit (shown in 
Figure 5-10), along with the labelling scheme used was produced using ORTEX . 368 Final 
fractional atomic co-ordinates and isotropic thermal parameters, bond distances, angles and 
least square plane calculations are presented in the following tables. Tables of anisotropic 
temperature factors are available as supplementary data.
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Unit cell dimensions a=  12.110(3)A a  = 88.60(2)° 
b = 12.301(4)A p = 86.84(2)° 
c= 13.182(4)A y = 65.40(2)°
Volume 1782.7(9) A3
Z 8
Density (calculated) 1.804 Mg/m3
Absorption coefficient 2.195 m m 1
F(000) 960
Crystal size 0 .2  x 0.2  xO.l mm
Theta range for data collection 2.35 to 22.00°.
Index ranges 0<=h<=13; -12<=k<=14; -15<=1<=15
Reflections collected 4646
Independent reflections 4391 [R(int) = 0.0403]
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3495/0/389
Goodness-of-fit on F2 1.068
Final R indices [I>2ct(I)] R l=  0.0496 wR2 =0.1108
R indices (all data) R1 =0.1265 wR2 = 0.1619
Largest diff. peak and hole 1.486 and -0.793 eA'3





Table 6-23 Complex (24), atomic coordinates ( x  104) and equivalent isotropic
displacement parameters (A2 x 103).
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
Atom X y z U(eq)
Ag(l) 3789(1) 7133(1) 3591(1) 23(1)
Ag(2) 2545(1) 8973(1) 2317(1) 24(1)
Ag(3) 1272(1) 7901(1) 1403(1) 24(1)
Ag(4) 2489(1) 6082(1) 2716(1) 23(1)
N(l) 2069(10) 10395(9) 3806(8) 23(3)
N(2) 2946(10) 9644(10) 592(8) 30(3)
N(3) 468(10) 5944(9) 3093(9) 29(3)
N(4) 4403(9) 4110(9) 2640(8) 25(3)
C(l) 4488(13) 8406(12) 3038(11) 31(4)
C(2) 5517(11) 7980(11) 2358(9) 22(3)
C(3) 6313(12) 8520(12) 2297(9) 28(3)
C(4) 6115(12) 9503(13) 2864(10) 32(4)
C(5) 5102(12) 9950(12) 3541(10) 31(4)
C(6 ) 4296(13) 9444(12) 3632(10) 26(4)
C(7) 3192(12) 9914(11) 4347(10) 25(3)
C(8) 1065(13) 10415(13) 4481(11) 37(4)
C(9) 1831(14) 11593(12) 3397(11) 39(4)
C(10) 553(11) 9792(12) 1628(9) 22(3)
C(ll) -432(11) 10291(12) 2319(10) 29(3)
C(12) -1228(13) 11529(12) 2271(11) 35(4)
C(13) -1043(13) 12257(13) 1566(10) 32(3)
C(14) -78(13) 11774(11) 869(11) 35(4)
C(15) 731(13) 10561(12) 896(12) 28(4)
C(16) 1787(12) 10049(11) 142(10) 27(3)
C(17) 3940(13) 8706(13) -45(11) 46(4)
C(18) 3287(13) 10621(13) 757(10) 32(3)
C(19) 1815(12) 6020(11) 1080(10) 26(3)
C(20) 2745(13) 5513(12) 341(10) 32(4)
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C(21) 2840(16) 4502(13) -193(11) 46(4)
C(22) 2092(19) 3967(14) 38(13) 62(6)
C(23) 1134(15) 4453(13) 766(12) 43(4)
C(24) 977(13) 5510(13) 1331(11) 27(4)
C(25) 0(13) 6015(12) 2103(12) 42(4)
C(26) 823(13) 4753(12) 3539(12) 38(4)
C(27) -375(12) 6831(13) 3790(12) 43(4)
C(28) 3156(11) 5917(11) 4378(9) 19(3)
C(29) 2279(12) 6444(12) 5158(9) 24(3)
C(30) 2113(13) 5818(14) 5969(11) 35(4)
C(31) 2798(14) 4583(15) 6018(11) 41(4)
C(32) 3638(13) 4039(13) 5246(10) 30(4)
C(33) 3896(12) 4659(11) 4438(10) 17(3)
C(34) 4893(11) 4050(11) 3650(10) 28(4)
C(35) 5306(13) 4045(13) 1847(11) 40(4)
C(36) 4036(13) 3152(12) 2524(11) 36(4)
Table 6-24 Complex (24), bond lengths (A) and angles (°).
Ag(l)-C(l) 2.162(14) Ag(2)-N(l) 2.539(10)
Ag(l)-C(28) 2.167(12) Ag(2)-Ag(3) 2.748(2)
Ag(l)-Ag(4) 2.729(2) Ag(3)-C(10) 2.140(13)
Ag(l)-Ag(2) 2.732(2) Ag(3)-C(19) 2.172(12)
Ag(2)-C(l) 2.403(14) Ag(3)-Ag(4) 2.743(2)
Ag(2)-C(10) 2.416(12) Ag(4)-C(28) 2.351(12)
Ag(2)-N(2) 2.493(11) Ag(4)-C(19) 2.362(12)
Ag(4)-N(4) 2.563(10) Ag(4)-N(3) 2.544(11)
N(l)-C(8) 1.46(2) C(l)-C(2) 1.41(2)
N(l)-C(7) 1.46(2) C(l)-C(6 ) 1.44(2)
N(l)-C(9) 1.47(2) C(2)-C(3) 1.38(2)
N(2)-C(16) 1.44(2) C(3)-C(4) 1.36(2)
N(2)-C(18) 1.45(2) C(4)-C(5) 1.39(2)
N(2)-C(17) 1.50(2) C(5)-C(6) 1.36(2)
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N(3)-C(25) 1.44(2) C(6)-C(7) 1.50(2)
N(3)-C(27) 1.45(2) C(10)-C(ll) 1.39(2)
N(3)-C(26) 1.46(2) C(19)-C(24) 1.42(2)
N(4)-C(36) 1.44(2) C(20)«C(21) 1.40(2)
N(4)-C(35) 1.45(2) C(21)-C(22) 1.34(2)
N(4)-C(34) 1.48(2) C(22)-C(23) 1.40(2)
C(10)-C(15) 1.41(2) C(23)-C(24) 1.45(2)
C(11)“C(12) 1.43(2) C(24)-C(25) 1.45(2)
C(12)-C(13) 1.35(2) C(28)-C(29) 1.39(2)
C(13)-C(14) 1.38(2) C(28)-C(33) 1.43(2)
C(14)-C(15) 1.40(2) C(31)-C(32) 1.37(2)
C(15)-C(16) 1.50(2) C(32)-C(33) 1.39(2)
C(19)-C(20) 1.39(2) C(33)-C(34) 1.50(2)
C(29)-C(30) 1.36(2) C(30)-C(31) 1.40(2)
C(l)-Ag(2)-C(10) 173.0(4) Ag(4)-Ag(l)-Ag(2) 82.76(5)
C(l)-Ag(2)-N(2) 101.0(4) C(28)-Ag( 1 )-Ag(2) 128.1(3)
C(l)-Ag(l)-C(28) 171.0(5) C(l)-Ag(l)-Ag(2) 57.4(4)
C( 1 )-Ag( 1 )-Ag(4) 132.8(4) C(28)-Ag( 1 )-Ag(4) 56.0(3)
C( 10)-Ag(2 )-N(2) 77.5(4) C(l)-Ag(2)-Ag(3) 138.5(3)
C(l)-Ag(2)-N(l) 76.7(4) C(10)-Ag(2)-Ag(3) 48.4(3)
C( 10)-Ag(2)-N( 1) 98.0(4) N(2)-Ag(2)-Ag(3) 87.3(2)
N(2)-Ag(2)-N(l) 119.1(3) N(l)-Ag(2)-Ag(3) 133.8(2)
C(l)-Ag(2)-Ag(l) 49.3(3) Ag( 1)-Ag(2)-Ag(3) 97.41(6)
C( 10)-Ag(2)-Ag( 1) 136.0(3) C( 10)-Ag(3)-C( 19) 173.4(4)
N(2)-Ag(2)-Ag(l) 135.8(3) C( 10)-Ag(3)-Ag(4) 129.2(3)
N(l)-Ag(2)-Ag(l) 88.5(2) C(19)-Ag(3)-Ag(4) 56.0(3)
C(19)-Ag(3)-Ag(2) 128.9(3) C( 10)-Ag(3)-Ag(2) 57.7(3)
Ag<4)-Ag(3)-Ag(2) 82.21(5) N(3)-Ag(4)-Ag(l) 136.4(2)
C(28)-Ag(4)-C( 19) 173.1(4) N(4)-Ag(4)-Ag(l) 89.0(2)
C(28)-Ag(4)-N(3) 99.5(4) C(28)-Ag(4)-Ag(3) 136.6(3)
C( 19)-Ag(4)-N(3) 77.0(4) C( 19)-Ag(4)-Ag(3) 49.7(3)
C(28)-Ag(4)-N(4) 77.8(4) N(3)-Ag(4)-Ag(3) 86.5(3)
C( 19)-Ag(4)-N(4) 98.4(4) N(4)-Ag(4)-Ag(3) 136.9(3)
N(3)-Ag(4)-N(4) 117.0(3) Ag(l)-Ag(4)-Ag(3) 97.59(5)
C(28)-Ag(4)-Ag( 1) 49.8(3) C(8)-N(l)-C(7) 109.6(10)





























C(20)-C( 19)-C(24) 121 .2(12)
C(20)-C( 19)-Ag(3) 116.4(10)





C(3 3 )-C(28)-Ag( 1) 122.1(9)
C(29)-C(28)-Ag(4) 117.6(9)
C(33)-C(28)-Ag(4) 101 .0 (8)
C(18)-N(2)-Ag(2) 105.6(7)
C( 17)-N(2)-Ag(2) 115.2(8)




































Ag( 1 )-C(28)-Ag(4) 74.2(4) C(28)-C(33)-C(34) 120.7(12)
C(30)-C(29)-C(28) 122.8(13) N(4)-C(34)-C(33) 111.3(10)
Table 6-25 Complex (24), anisotropic displacement parameters (A2 x 103).
The anisotropic displacement factor exponent takes the form:
-2 ti2 [ h2 a* 2 U11 + ... + 2 h k a* b* U12 ]
U ll U22 U33 U23 U13 U12
Ag(l) 30(1) 15(1) 25(1) 4(1) ■6 (1) -9(1)
Ag(2) 31(1) 16(1) 24(1) 2(1) -10(1) -7(1)
Ag(3) 32(1) 12(1) 25(1) 2(1) -8 (1) -6(1)
Ag(4) 31(1) 15(1) 24(1) 4(1) -8 (1) -9(1)
N(l) 37(7) 8(6 ) 20(6 ) 3(5) 0(5) -7(5)
N(2) 39(7) 31(7) 20(6 ) 1(5) -1(5) -16(6)
N(3) 30(7) 19(7) 37(7) -7(6) -3(6) -7(6)
N(4) 18(6) 15(6) 37(7) 1(5) -11(5) -1(5)
C(l) 36(9) 21(8) 35(9) 11(7) -11(7) -10(7)
C(2) 26(8) 19(8) 15(7) -4(6) 3(6) -3(7)
C(3) 23(8) 39(9) 13(7) 4(7) -4(6) -5(7)
C(4) 18(8) 41(9) 34(9) 6(7) -6(7) -9(7)
C(5) 36(9) 25(8) 34(9) 1(7) -23(7) -14(7)
C(6 ) 33(9) 27(9) 23(8) 14(7) -27(7) -14(8)
C(7) 40(9) 10(7) 21(7) 7(6) -16(7) -6 (6 )
C(8) 43(9) 30(9) 34(9) -2(7) 4(7) -12(8)
C(9) 50(10) 19(8) 39(10) -3(7) -9(8) -5(7)
C(10) 26(8) 29(8) 15(7) -7(6) -11(6 ) -14(7)
C (ll) 11(7) 33(9) 34(9) 7(7) -9(6) 0(7)
C(12) 28(8) 20(8) 38(9) -12(7) -3(7) 11(7)
C(14) 63(11) 10(8) 30(9) 15(7) -18(8) -11(7)
313
C(15) 30(9) 18(8) 40(10) -12(7) -15(8) -11(7)
C(16) 36(9) 10(7) 32(9) 13(7) -13(8) -6(7)
C(17) 42(10) 43(10) 39(10) -1(8) -13(8) -4(8)
C(18) 40(9) 45(10) 19(8) 5(7) -3(7) -26(8)
C(19) 43(9) 7(7) 19(8) 9(6) -16(7) 1(7)
C(20) 40(9) 30(9) 17(8) -3(7) -1(7) -4(7)
C(21) 82(13) 14(8) 24(9) -10(7) -2 (8) -2(9)
C(22) 113(17) 15(9) 43(11) -2(8) -33(12) -6(11)
C(23) 67(12) 22(9) 40(10) -1(8) -25(9) -15(8)
C(25) 43(10) 18(8) 62(12) 5(8) -7(9) -12(8 )
C(26) 31(9) 29(9) 58(11) 19(8) -12(8) -16(7)
C(27) 19(8) 34(9) 71(12) -4(9) 1(8) -6(7)
C(28) 31(8) 21(8) 7(7) -4(6) 0 (6 ) -12(7)
C(29) 32(8) 28(8) 15(7) -3(6) -2(6 ) -14(7)
C(30) 41(9) 47(11) 25(9) -13(8) 5(7) -26(9)
C(31) 58(11) 60(12) 20(8 ) 5(8) -10(8) -38(10)
C(32) 46(9) 37(9) 2 1 (8 ) 7(7) -11(7) -28(8)
C(33) 2 1 (8) 5(7) 20(8) -5(6) 0 (6 ) 0 (6 )
C(34) 16(8) 10(8) 47(10) 6(7) -9(7) 6 (6 )
C(35) 34(9) 44(10) 31(9) -5(7) -2(7) -6(8 )
C(36) 41(9) 22(8) 40(9) 2(7) -26(7) -5(7)
Table 6-26 Complex (24), hydrogen coordinates ( x 104) and isotropic displacement 
parameters (A2 x 103).
Atom x y z U(eq)
H(2) 5660(11) 7328(11) 1945(9) 27
H(3) 7000(12) 8208(12) 1859(9) 33
H(4) 6650(12) 9870(13) 2801(10) 38
H(5) 4976(12) 10609(12) 3939(10) 37
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H(7A) 3196(12) 9273(11) 4793(10)
H(7B) 3225(12) 10537(11) 4765(10)
H(8A) 326(13) 10732(13) 4124(11)
H(8B) 980(13) 10909(13) 5059(11)
H(8C) 1228(13) 9617(13) 4706(11)
H(9A) 2506(14) 11550(12) 2957(11)
H(9B) 1725(14) 12130(12) 3948(11)
H(9C) 1106(14) 11881(12) 3021(11)
H (ll) -575(11) 9812(12) 2819(10)
H(12) -1889(13) 11841(12) 2736(11)
H(13) -1557(13) 13068(13) 1551(10)
H(14) 41(13) 12263(11) 366(11)
H(16A) 1739(12) 9383(11) -201(10)
H(16B) 1729(12) 10653(11) -365(10)
H(17A) 4698(13) 8460(13) 280(11)
H(17B) 4007(13) 9031(13) -703(11)
H(17C) 3750(13) 8029(13) -118(11)
H(18A) 4063(13) 10319(13) 1057(10)
H(18B) 2687(13) 11196(13) 1205(10)
H(18C) 3335(13) 10996(13) 120(10)
H(20) 3303(13) 5843(12) 2 0 1 (10)
H(21) 3432(16) 4197(13) -717(11)
H(22) 2212(19) 3263(14) -292(13)
H(23) 595(15) 4099(13) 889(12)
H(25A) -494(13) 6845(12) 1939(12)
H(25B) -515(13) 5586(12) 2108(12)
H(26A) 1131(13) 4739(12) 4198(12)
H(26B) 1444(13) 4174(12) 3108(12)
H(26C) 129(13) 4565(12) 3605(12)
H(27A) -20( 12) 6746(13) 4436(12)
H(27B) -1114(12) 6719(13) 3871(12)
H(27C) -552(12) 7616(13) 3524(12)
H(29) 1788(12) 7258(12) 5122(9)
H(30) 1545(13) 6209(14) 6490(11)
H(31) 2686(14) 4140(15) 6564(11)
H(32) 4059(13) 3211(13) 5261(10)







































H(34B) 5339(11) 3220(11) 3840(10) 34
H(35A) 5548(13) 4686(13) 1928(11) 59
H(35B) 4966(13) 4111(13) 1195(11) 59
H(35C) 6001(13) 3294(13) 1891(11) 59
H(36A) 3438(13) 3200(12) 3051(11) 54
H(36B) 4730(13) 2400(12) 2569(11) 54
H(36C) 3694(13) 3217(12) 1873(11) 54
Table 6-27 Complex (24), plane calculations (Ag 1 -Ag2-Ag3 -Ag4).
















A4.5 Structural data for complex (25), [Ag(PPh3)l4(M e2(0)Si0Si(0)M e2)2
A crystal of approximate dimensions 0 .2  x 0 .2  x 0 .8  mm was used for data collection.
Crystal data: C4oH420 3 P2Si2Ag2.3 (C7H8).2 (H2 0 ), M =  1217.1 triclinic, a = 13.160(4), b = 
13.345(4), c = 17.445(4)A, a =  88.36(2), /?= 80.81(2), y=  67.88(2), U= 2800.1 A3, space 
group PA  (No.2), Z = 2, Dc= 1.44 gem'3, p(Mo-Ka) = 8.40 cm'1, F(000) = 1256. Data were 
measured at 170 K on a CAD4 automatic four-circle diffractometer in the range 2>30>24°. 
4970 reflections were collected of which 2664 were unique with I>3a(I). Data were corrected 
for Lorentz and polarization but not for absorption. The structure was solved by Patterson 
methods and refined using the SHELX 3641365 suite of programs. Data quality and refinement 
values were impeded by 2 obstacles. Firstly, the crystals were not o f exceptionally high quality. 
Secondly, the sample selected was not of ideal size. However, crystal mounting in a sealed 
capillary prior to transfer onto the diffractometer was a particularly precarious task due to 
rapid solvent loss. Attempts to apply an empirical absorption correction (despite a low p value) 
did not improve convergence.
The asymmetric unit was seen to consist of one half o f a dimer close to an inversion centre, 
along with 3 toluene molecules and two water entities. In the final least squares cycles the Ag,
P and Si atoms were allowed to vibrate anisotropically. (Anisotropic refinement of the other 
remaining atoms only served to yield unsatisfactory thermal parameters for some atoms). 
Hydrogen atoms were included at calculated positions where relevant except in the case of the 
water molecules. Refinement was conducted in 2 blocks, one for the organometallic, and one 
for the solvent molecules. Final residuals after 20 cycles of blocked matrix least squares were R
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= 0.0750, Rw = 0.0766, for a weighting scheme of w = 6.6522/[a2(F) + 0.000502(F)2]. Max. 
final shift/esd was 0 .0 0 0 . The max. and min. residual densities were 0.45 and -0.36 eA'3 
respectively. Final fractional atomic coordinates and isotropic thermal parameters, bond 
distances and angles are presented in the following tables. Tables of anisotropic temperature 
factors are available as supplementary data. The asymmetric unit is shown in Figure 5-12, 
along with the labelling scheme used.
Table 6-28 Complex (25), fractional atomic co-ordinates (xlO4).
X y z
Ag(l) 958(2) 5914(2) 3668(1)
Ag(2) 955(2) 3883(2) 4828(1)
P(l) 2507(6) 2501(5) 5059(3)
P(2) 1381(6) 7098(5) 2867(3)
Si(l) 326(7) 3936(6) 3051(4)
Si(2) -1486(7) 4047(6) 4428(3)
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T able 6-29 Complex (25), anisotropic temperature factors (A xlO3).
Un u22 u33 u23 U13 Ui2
Ag(l) 33(2) 20(1) 19(1) 6 (1) -7(1) -16(2)
Ag(2) 27(2) 18(1) 20(1) KD -8(1) -9(2)
P(l) 27(5) 14(4) 16(3) 3(3) -5(3) -7(5)
P(2) 30(5) 21(4) 20(3) 3(3) -7(3) -15(5)
Si(l) 32(6) 20(5) 21(4) -3(3) -2(4) -10(6 )
Si(2) 22(6 ) 20(5) 20(3) -5(3) -1(3) -11(5)
Table 6-30 Complex (25), hydrogen fractional atomic co-ordinates (xlO4) and isotropic 
temperature factors (A2 xlO3).
x y z U
0 (1) 978(15) 4418(13) 3521(8) 25(4)
0 (2) -969(13) 4461(11) 5040(7) 8(3)
0(3) -929(14) 4178(13) 3534(8) 23(4)
C(2) 1398(13) 7586(9) 1254(8) 32(6)
C(3) 1682(13) 7256(9) 471(8) 39(7)
C(4) 2102(13) 6157(9) 262(8) 48(7)
C(5) 2236(13) 5388(9) 836(8) 45(7)
C(6 ) 1952(13) 5718(9) 1618(8) 20(5)
C(l) 1533(13) 6818(9) 1828(8) 20(5)
C(8) 3304(12) 7575(11) 2467(7) 25(6)
C(9) 4344(12) 7535(11) 2578(7) 32(6)
C(10) 4809(12) 7009(11) 3214(7) 38(6)
C(ll) 4234(12) 6523(11) 3738(7) 25(5)
C(12) 3193(12) 6562(11) 3626(7) 25(5)
C(7) 2728(12) 7088(11) 2991(7) 21(5)
C(14) 762(10) 9195(11) 3169(8) 23(5)
C(15) -18(10) 10255(11) 3244(8) 36(6)
C(16) -1087(10) 10479(11) 3085(8) 25(5)
C(17) -1375(10) 9643(11) 2852(8) 39(7)
C(18) -594(10) 8584(11) 2777(8) 31(6)
C(13) 474(10) 8359(11) 2936(8) 13(5)
C(20) 4817(13) 2167(11) 4738(7) 23(5)
C(21) 5713(13) 2326(11) 4284(7) 43(7)
C(22) 5550(13) 2958(11) 3630(7) 35(6)
C(23) 4490(13) 3431(11) 3430(7) 49(7)
C(24) 3593(13) 3272(11) 3884(7) 32(6)
C(19) 3756(13) 2639(11) 4538(7) 20(5)
C(26) 3467(11) 1334(10) 6323(6) 20(5)
C(27) 3600(11) 1236(10) 7102(6) 18(5)
C(28) 3014(11) 2108(10) 7627(6) 28(6)
C(29) 2295(11) 3077(10) 7372(6) 32(6)
C(30) 2162(11) 3175(10) 6593(6) 18(5)
C(25) 2748(11) 2304(10) 6068(6) 25(5)
C(32) 3494(12) 665(12) 4224(8) 23(5)
C(33) 3552(12) -357(12) 4009(8) 27(6)
C(34) 2708(12) -713(12) 4321(8) 42(7)
C(35) 1806(12) -48(12) 4847(8) 33(6)
C(36) 1747(12) 974(12) 5062(8) 20(5)
C(31) 2592(12) 1330(12) 4750(8) 32(6)
C(37) 1059(24) 2557(20) 2893(13) 33(6)
C(38) 151(23) 4454(21) 2067(12) 33(6)
C(39) -1243(23) 2676(20) 4546(12) 29(6)
C(40) -3034(22) 4836(20) 4499(12) 27(6)
C(42) 6231(12) 4622(10) 2 120(8 ) 38(6)
C(43) 7261(12) 4155(10) 2367(8) 33(6)
C(44) 7960(12) 3098(10) 2127(8) 38(6)
C(45) 7629(12) 2508(10) 1640(8) 43(7)
c m 6599(12) 2975(10) 1393(8) 39(6)
C(41) 5900(12) 4032(10) 1634(8) 29(6)
C(47) 4814(29) 4530(28) 1368(16) 67(9)
C(49) 2624(17) 3761(14) 9242(10) 60(8)
C(50) 3744(17) 3524(14) 9274(10) 71(9)
C(51) 4247(17) 2862(14) 9849(10) 63(8)
C(52) 3631(17) 2437(14) 10392(10) 56(8)
C(53) 2512(17) 2675(14) 10361(10) 68(9)
C(48) 2009(17) 3337(14) 9786(10) 83(11)
C(54) 938(40) 3542(43) 9739(26) 160(20)
C<56) 5700(15) -1049(15) 7857(9) 39(6)
C(57) 4710(15) -1229(15) 8012(9) 50(7)
C(58) 3885(15) -658(15) 8622(9) 57(8)
C(59) 4049(15) 93(15) 9077(9) 66(9)
C(60) 5039(15) 273(15) 8922(9) 59(8)
C(55) 5864(15) -298(15) 8312(9) 48(7)
C(61) 6915(32) -134(31) 8118(18) 85(11)
0(4) 828(54) 692(49) 448(30) 290(25)
0(5) -262(44) -193(41) 648(22) 222(18)
H(51) 1110(13) 8343(9) 1398(8) 80
H(41) 1590(13) 7785(9) 77(8) 80
H(31) 2297(13) 5929(9) -277(8) 80
H(21) 2525(13) 4632(9) 692(8) 80
H(61) 2045(13) 5189(9) 2013(8) 80
H(81) 2983(12) 7937(11) 2029(7) 80
H(91) 4740(12) 7869(11) 2217(7) 80
H(101) 5525(12) 6982(11) 3291(7) 80
H (lll) 4554(12) 6161(11) 4176(7) 80
H(121) 2797(12) 6228(11) 3987(7) 80
H(141) 1498(10) 9041(11) 3278(8) 80
H(151) 180(10) 10830(11) 3404(8) 80
H(161) -1624(10) 11208(11) 3137(8) 80
H(171) -2110(10) 9798(11) 2743(8) 80
H(181) -793(10) 8009(11) 2617(8) 80
H(201) 4929(13) 1732(11) 5189(7) 80
H(211) 6443(13) 2 0 0 0 (11) 4422(7) 80
H(221) 6167(13) 3067(11) 3318(7) 80
H(231) 4378(13) 3866(11) 2980(7) 80
H(241) 2864(13) 3597(11) 3747(7) 80
H(261) 3870(11) 734(10) 5961(6) 80
H(271) 4094(11) 569(10) 7278(6) 80
H(281) 3105(11) 2040(10) 8164(6) 80
H(291) 1892(11) 3677(10) 7734(6) 80
H<301) 1668(11) 3843(10) 6417(6) 80
H(321) 4075(12) 910(12) 4009(8) 80
H(331) 4173(12) -815(12) 3647(8) 80
H(341) 2748(12) -1416(12) 4173(8) 80
H(351) 1225(12) -293(12) 5062(8) 80
H(361) 1127(12) 1431(12) 5424(8) 80
H(371) 665(24) 2262(20) 2607(13) 80
H(372) 1138(24) 2214(20) 3383(13) 80
H(373) 1782(24) 2431(20) 2601(13) 80
H(381) 867(23) 4329(21) 1765(12) 80
H(382) -287(23) 5217(21) 2104(12) 80
H(383) -219(23) 4086(21) 1821(12) 80
H(391) -1564(23) 2433(20) 4168(12) 80
H(392) -1574(23) 2574(20) 5058(12) 80
H{393) -457(23) 2266(20) 4475(12) 80
H(401) -3399(22) 4785(20) 5013(12) 80
H(402) -3319(22) 4542(20) 4126(12) 80
H(403) -3168(22) 5581(20) 4395(12) 80
H(421) 5750(12) 5350(10) 2286(8) 80
H(431) 7489(12) 4562(10) 2702(8) 80
H(441) 8669(12) 2777(10) 2296(8) 80
H(451) 8111(12) 1780(10) 1475(8) 80
H(461) 6372(12) 2569(10) 1058(8) 80
H(471) 4714(29) 4020(28) 1040(16) 80
H(472) 4789(29) 5162(28) 1081(16) 80
H(473) 4231(29) 4732(28) 1810(16) 80
H(491) 2278(17) 4217(14) 8847(10) 80
H(501) 4167(17) 3816(14) 8900(10) 80
H(511) 5017(17) 2698(14) 9870(10) 80
H(521) 3978(17) 1982(14) 10788(10) 80
H(531) 2088(17) 2383(14) 10735(10) 80
H(541) 637(40) 3194(43) 10153(26) 80
H(542) 890(40) 3269(43) 9249(26) 80
H(543) 523(40) 4309(43) 9784(26) 80
H(561) 6268(15) -1442(15) 7437(9) 80
H(571) 4597(15) -1746(15) 7698(9) 80
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H(581) 3204(15) -782(15) 8728(9) 80
H(591) 3481(15) 486(15) 9497(9) 80
H(601) 5152(15) 790(15) 9236(9) 80
H(611) 6926(32) 398(31) 8471(18) 80
H(612) 6983(32) 111(31) 7596(18) 80
H(613) 7523(32) -805(31) 8158(18) 80
































































































































Key to symmetry operations relating 
designated atoms to reference atoms 
at (x,y,z):
(a) -x,1.0 -y,1 .0 -z














































C(25)-C(26)-C(27) 120 .0( 11)
C(29)-C(28)-C(27) 120 .0 (12)






C(41 )-C(42)-C(43) 120 .0 (12)
C(45)-C(44)-C(43) 120.0(15)
C(41 )-C(46)-C(45) 120.0(16)


















C( 16)-C( 15)-C( 14) 120.0(16)
C( 18)-C( 17)-C( 16) 120.0(14)
C(14)-C(13)-P(2) 120.5(12)





C(28)-C(27)-C(26) 120 .0 (11)
C(30)-C(29)-C(28) 120.0 (11)
C(26)-C(25)-P(l) 123.1(10)











C(52)-C(51 )-C(50) 120 .0 (21 )
C(48)-C(53)-C(52) 120 .0 (20)
C(54)-C(48)-C(49) 119.8(27)
C(55)-C(56)-C(57) 120.0(15)
C(59)-C(58)-C(57) 120 .0 (2 0 )











Table 6-33 Complex (25), selected non-bonded distances (A).
Intramolecular:
Si(l)-Ag(l) 3.303 C(6 )-Ag(l) 3.587
C(l)-Ag(l) 3.467
Intermolecular:
Ag(2)-Ag(la) 3.274 Si(2)-Ag(la) 3.506
Q(2)-Ag(la) 2.2%
Key to symmetry operations relating 




APPENDIX FIVE Instrumentation 
Infra-red spectrometry
Infra-red spectra were recorded as nujol (liquid paraffin) or hexachlorobutadiene mulls between 
KBr plates. Measurements were taken using a Nicolet 5 10P fourier transform spectrometer 
within the range 4000-400 cm'1 with a medium slit width and a peak resolution o f 4.0 cm'1.
Microanalysis
Carbon, hydrogen and nitrogen were analysed for using a Carlo-Erba Strumentazione E.A. 
mod 1106 microanalyser operating at 500°C. Results were calibrated against an acetanilide 
{PhNHC(0)CH3} standard.
1H, I3C{}H} Nuclear Magnetic Resonance spectroscopy
Proton and carbon-13 NMR spectra were recorded using either Jeol JNM-GX-270FT (270 
MHz) or Jeol EX-400 (400 MHz) fourier transform spectrometers using SiMe4 as an internal 
reference.
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19F ,29Si, 31P  Nuclear Magnetic Resonance spectroscopy
Fluorine, silicon and phosphorus NMR spectra were recorded on a Jeol EX400 (400 MHz) 
fourier transform spectrometer. Chemical shifts [8 (19F)] are relative to CFC13. In the case of 
29Si spectra, the solution of the compound under investigation was doped with Cr(acac)3 to 
increase relation of the nuclei. Chemical shifts [5(29Si)] for the silicon spectra are relative to 
SiMe4. Chemical shifts [5(3,P)] for the phosphorus spectra are relative to 85% H3P 04.
109Ag Nuclear Magnetic Resonance spectroscopy
Silver-109 NMR spectra were recorded on a Jeol EX400 (400 MHz) fourier transform 
spectrometer. Experiments were run as DEPT experiments at an observational frequency of 
18.45 MHz. A pulse width of 25 microseconds was used with an acquisition time o f0.744 and 
a pulse delay of 10 .0  seconds. Observable resonances were typically detected after 500-1000 
scans.
FABfLSIMS) Mass spectrometry
Fast Atom Bombardment (Liquid Secondary Ion Mass Spectrometry) experiments were carried 
out by the EPSRC Mass Spectrometry Service at the University College of Swansea. 
FAB(LSIMS) spectra were carried out on a VG AutoSpec instrument using a Caesium ion 
bombardment at 25kV. Samples were dissolved in a 3-nitrobenzyl alcohol (NOBA) matrix 
typically with the aid of a CH2Ch co-solvent.
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Thermal Gravimetric Analysis and Differential Scanning Calorimetry
TGA and DSC experiments were carried out at atmospheric pressure in either air-, nitrogen- or 
helium-purged atmospheres, from room temperature to 850°C at a ramp rate of 25°Cmin'\
Scanning Electron Microscopy
Samples were examined by SEM using a JEOL 6310 scanning electron microscope operating 
at an accelerating voltage of 5, 10 or 15 kV. Coatings under investigation were not sputter 
coated although a path to ground was provided by means of silver dag or electrically 
conducting putty.
Energy Dispersive X-ray Spectroscopy
Film thickness estimates using EDXS techniques were performed on a JEOL Superprobe 
instrument operating at an accelerating voltage of 5 kV with a beam current of 5 x 10‘8A.




Sheet resistance was measured over a 25 mm square. Silver ‘dag’ busbar contacts were painted 
on the sample and resistance measured using a digital volt-meter.
Reflectance measurements
Reflection spectra at near-normal incidence were measured on a Hitachi U-3410 
spectrophotometer over the range 295-2600 nm in 5 nm steps. Calibration was against 
Rhodium standard mirrors. Reflectance is quoted at X = 550 nm corresponding to the peak in 
the eye response curve for both the coated surface and the film-glass interface (as observed 
through the glass). The assessment area (corresponding to the beam size) was a rectangle of 
approximately 11 by 4 mm.
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APPENDIX SIX Film Growth Equipment and Procedures
A6.1 Design and Construction of CVD Film Growth Apparatus
The CVD apparatus utilised in this project has been assembled as a general screening rig for 
use with this and other projects. The entire system consists of a horizontal cold wall reactor 
with associated gas-lines, electrical heater controls, gas-distribution via a manifold and 
flowmeters and an additional aerosol assisted delivery system. A schematic representing the 
major components of this film growth system is shown in Figure 6-5. Screening tests for this 
project have exclusively utilised the nebuliser line due to the difficulty in performing 
conventional CVD with silver precursors at atmospheric pressure.
Figure 6-5 Schematic representation of the CVD system used in this study, 
a - 0 2 supply, b - N2 supply, c - gas manifold and flowmeters, d - heated bubbler assembly, 
e - heated gas line, f - ultrasonic nebuliser, g - CVD reactor.
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The ultrasonic nebuliser is of a dual chamber design, i.e. ultrasonic waves are transmitted from 
the transducer, via liquid medium into the chamber where nebulisation takes place. In the case 
of this apparatus, the piezzoelectric transducer is positioned in the lower water-filled chamber 
so as to transmit ultrasound though the water into the upper nebulising chamber. The two 
chambers are divided by means of a taught plastic (solvent resistant) sheet fixed in place by 
means of a sealant. The distance between the piezzoelectric transducer and the sheet is 
approximately 3-4 cm. The water in the lower chamber is constantly replaced to allow for 









Figure 6-6 Schematic of the ultrasonic nebuliser.
A solution of the precursor (both THF and toluene were found to be satisfactorily nebulised) is 
placed in the upper chamber. On activation of the nebuliser, the solution in the upper chamber 
fountains to generate an aerosol of fine droplets of the solution. This aerosol is simply swept 
out of the nebuliser and into the CVD reactor by a slow nitrogen flow. A number of other
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research groups developing aerosol delivery techniques have gently heated the aerosol, by 
means of a heated gas line, while en route to the CVD reactor but this has not been attempted 
in this work.
The CVD reactor itself is of a horizontal, cold wall design. After passing through a baffle to 
promote laminar flow, the aerosol is passed directly into the CVD chamber (8 mm high, 40 mm 
wide, 300 mm long) of which the base is the heated substrate (Figure 6-7). The ceiling tile and 
walls being silica. The substrate is positioned upon a large graphite susceptor which is heated 
by three cartridge heaters. The temperature of the graphite block is maintained by a Watlow 
series 965 controller which monitors the temperature by means of thermocouples inside the 
block. The graphite susceptor is held inside a large silica tube (330 mm long, 100 mm 
diameter) suspended between stainless steel flanges upon which many of the electrical and gas 






Figure 6-7 Schematic o f the CVD reactor chamber
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A6.2 Substrate Preparation Procedures
All glass substrates were subject to the same preparation prior to film growth. Before insertion 
into the reactor, the glass was handled as little as possible. When being handled, the glass was 
picked up by handling the glass outside o f the deposition area. To ensure a clean substrate 
surface, die following substrate preparation was used.
1. Using polythene gloves, the glass was washed thouroughly with tap water and detergent. 
The glass was rinsed and allowed to drain.
2. Once completely dry, the glass was rinsed with isopropyl alcohol (IPA) to ensure the 
surface was free of grease. The substrate was allowed to drain.
3. After the glass was completely dry, the substrate was subject to a final rinse with distilled 
water and again allowed to drain dry.
Only recently prepared substrates were used for film growth experiments, i.e. those prepared 
within 24 hours. In addition, substrate surfaces which had come into contact with un-gloved 
hands could not be satisfactorily cleaned and were discarded.
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APPENDIX SEVEN
Table 6-34 Reflectance data
Compound
Coating side 
X  =  550 nm X  = 750 nm
Glass side 
X  =  550 nm X  = 750 nm
(2) 1.1 7.4 20.7 16.4
(3) 17.5 16.1 6.5 6.9
(4) 49.7 41.6 30.6 25.2
(6) 0.7 2.4 42.8 38.9
(7) 22.2 16.8 9.7 9.8
(9) 46.6 45.3 31.1 22.5
(10) 17.6 12.8 7.3 9.7
(11) 0.5 1 42.5 43
(12) 6.8 6 8.1 9
(13) 4.9 7 29.8 28
(14) 45.9 46 34.9 33
(15) 18.1 58 36.5 39
(16) 20.4 23 19.8 18
(17) 12.9 11.0 10.9 10.1
(18) 12.2 10.5 10.5 9.8
(19) 19.4 25.3 19.8 9.8
(20) 62.5 82.5 70.3 71.5
(21) 0.3 0.9 18.0 13.5
(22) 64 7 101.1 85.3 85.3
(23) 51.4 80.1 30.0 34.0
a the glass substrate demonstrated a reflectivity of 11.6 and 9.0 % at 550 and 750 nm respectively
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